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FOREWORD

This report was prepared by the Thermophysical Properties Research Center
(TPRC), Purdue University, West Lafayette, Indiana, under USAF Contract No.
¥33615-68-1229, "Scientific Documentation and Preparation of Data Tables on Thermo-
physical Properties.! This continuing program is performed under Project No. 8975,
Materials Information Analysis Ceuter, Task No. 887502, Thermophysical Properties
Research Center., The work was administered under the direction of the Air Force
Materials Laboratory, Air Force Systems Commund, Wright-Patterson Air Force
Base, Ohio, with Mr. John Il. Charlesworth (MAAM) acting as Air Force project

engineer.

This report covers work conducterd from 1 January 1969 to 31 December 1969,
Dr. Y.S8, Touloukian has heen the principal investigator and program director. The

report was submitted by the author in March 1970,

All the staff of TPRC's Administration, Data Tables Division, Scientific Docu-~
mentation Division, Engineering Graphics Unit, and Technical Typing Unit have con-
tributed to this program. In particular, the follewing members of TPRC's professional
staff have contributed greatly to the respective projects: Dr. R.W. Powell (senior
investigator), Mr. K. Y. Wu, and Mrs. E.K.C. Lee to the tables of thermal conduc-
tivity of solids; Dr. P. E. Liley (senior investigator) to the tables of thermal conduc-
tivity of fluids; Dr. T. Makita (senior investigator), Dr. Y. Tanaka, Mr. K. Ueda,
Miss K. Inoue, and Miss E. Hata to the tables of specific heat of fluids; Dr. D. P.
DeWitt (senior investigator), Mr. M.C. Muinzer, Mr. R.S. Hernicz, Dr. J.J. Hsia,
Mrs. S.L. Miller, and Mr. K. F. Sohn to the tables of thermal radiative properties;
Dr. M.C. Nicolacu {senior investigator) to the tables of thermal diffusivity; Dr. P.
Hestermans (senior investigator) and Dr, S.C. Saxena (senior investigator) to the tables
of viscosify; Dr. R. E. Taylor (senior investigator), Mr. P.L. Wang, Mr. B, M.
Whitcomk, Mr, S.N. Vo, and Mr. M. Nalbantyan to the tables of thermal expansion;
Mr. W.H. Shafer to the technical inguiry services; Prof. F.E. Davis to the computer-
ized information storage and retrieval; Mrs. J.K. Gerritsen, Mrs. N.Y. Moore, Mrs.
B. M. Schick, Mrs. C.A. Pelikan, Mrs. V. Ramdas, Mr. G. Kvakovszky, Mrs. S, A.
O'Kane, Mrs. K. Singleton, and Mrs. M.R. Troyer to the extensive documentary work

so necessary to make the tables projects possible.

This technical report has been reviewed and is approved,

" P
(,,ﬁéﬁ ﬂ‘?ci//’/ p

EDWARD DUGGER, Chie
Materials Information Branch

Material Support Division
Air Force Materials Laboratory
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ABSTRACT

This technical report covers work in a continuing systematic program on the
thermophysical properties of materials involving the literature search, acquisition,
codification, and organization, and data extraction, compilation, evaluation, cor-
relation, analysis, and synthesis, the preparation of '"intermediate tables' presenting
the total available experimental information, and the final preparation of internally
consistent tables of ""best data' referred to as "Tables of Recommended Reference
Values.'" The work reported on consists of both data tables projects and scientific
documentation efforts. The data tables projects are on the thermal conductivity,
specific heat, thermal radiative properties (emittance, reflectance, absorptance,
transmittance), thermal diffusivity, and thermal linear and volumetric expansion of
elements, ferrous and nonferrous alloys, intermetallic, semiconducting, and non-
metallic compounds, cermets, ceramics, mixtures, composites, systems, polymers,
etc., and on the thermal conductivity, specific heat, and viscosity of fluids and fluid
mixtures, Property data are presented in both tabular and graphical forms, with ac-
companying tables giving specifications and characterizations of the test specimens
for the data. The resulting data tables are disseminated at large though the 13-volume
TPRC DATA SERIES published commercially. This report does not contain the com-
- pleted thousands of data sheets, but does reproduce in the Appendix, the Table of
Contents and the Grouping of Materials and List of Figures and Tables for each of the
first seven volumes (which contain over 8000 pages) of the TPRC DATA SERIES to
show the scope of their coverage. In scientific documentation, the scope is broader.
TPRC covers all materials and maintains cognizance over sixteen thermophysical
properties (six more than mentioned above). There are now 55 700 references in
TPRC' s automated Information Storage and Retrieval System. The resulting infor-
mation on research literature is disseminated through the THERMOPHYSICAL
PROPERTIES RESEARCH LITERATURE RETRIEVAL GUIDE, published commer-
cially.
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SECTION I

INTRODUCTION

The knowledge of the properties of materials is of great importance in
modern science and engineering. The present obstacles and limitations in many
technological developments are often a direct result of the paucity of knowledge aof
the properties of materials. The ever increcasing amount of activities in property
determinations in recent years attests fo the seriousness of the situation with the
result that the volume of research literature has increased many fold. Despite
the widespread efforts, the present level of research on thermophysical properties
of materials still falls short of existing needs and anticipated future demands,
However, what is even more disturbing is the fact that engineers across the nation
are using no more than a small fraction of the informaiion already existent, either
because its existence is not generally known to them or because it is in a forrm not
directly usable, and such information remains buried in the world' s technical lit-

erature,

The Thermophysical Properties Research Center (TPRC) has been pioneering
to provide a remedy to this disturbing situation by conducting a continuing systematic
program for more than a decade to dig the buried treasures cut of the world' s enor-
mous volume of literature and put them in a form directly useful to engineers and
scientists at large. This program on the thermophysical properties of materials in-
volves the literature search, acquisition, codification, and organization, and data
extraction, compilation, evaluation, correlation, aunalysis, and synthesis, the pre-
paration of "intermediate tables'" presgenting the total available experimental infor-
mation, and the final preparation of internally cousistent tables of "best data"

referred to as ""Table of Recommended Reference Values. "

The data tables projects of this program include the thermal conductivity,
specific heat, thermal radiative properties (emittance, reflectance, ahsorptlance,
transmittance), thermal diffusivity, and thermal linear .and volumetric expansion of
elements, ferrous and nonferrcus alloys, intermetallic, semiconducting, and non-
metallic compounds, cermets, ceramics, composites, mixtures, systems, polymers,
etc., and the thermal conductivity, specific heat, and viscosity of fluids and fluid
mixtures. Property data are presented in both tabular and graphical forms, with
accompanying tables giving specifications and characterizations of the test specimens
for the data. The resulting data tables are disseminated at large through the 13-
volume TPRC DATA SERIES publigshed commercially,



In scientific documentation, the scope is broader. TPRC covers all
materials and maintains cognizance over the following sixteen thermophysical
properties: thermal conductivity, accommodation coefficient, thermal contact
resistance, thermal diffusivity , specific heat, viscosity, emittance, reflectance,
absorptance, transmittance, absorptance to emittance ratio, Prandt number,
diffusion coefficient, thermal linear expansion coefficient, thermal volumetric
expansion coefficient, and surface tension. The resulting information on research
literature is disseminated through the THERMOPHYSICAL PROPERTIES RESEARCH
LITERATURE RETRIEVAL GUIDE, published commercially.

The overall activities of TPRC are divided into four areas: namely,
(1) Scientific Documentation, (2) Generation of Data Tables, (3) Experimental Re-
search, and (4) Theoretical Research. The activities discussed in this report

cover the first two areas.

The literature search, information processing, and data processing for
preparing the Retrieval Guide and the TPRC Data Series and the status of the various
active projects are outlined in the following sections. It should be noted that part of

the projects discussed below are not funded under this contract.

SECTION I1

SCIENTIFIC DOCUMENTATION

1. LITERATURE SEARCH AND INFORMATION PROCESSING

The Scientific Documentation Division of TPRC provides comprehensive and
authoritative source information on the thermophysical properties of all matter
through continuing and systematic literature search, acquisition, codification, and
organization of the existing information in the world literature, and putting the in-

formation in TPRC's automated Information Storage and Retrieval System,

From 1957 to 1964 TPRC has searched the world literature primarily
through sixteen abstracting journals. This search, covering the publication period
from January 1920 to June 1964, has involved the scanning of approximately
33 400 000 abstracts out of approximately 81 000 000 ahstracts reported by these
journals. Out of the 33 400 000 abstracts scanned, only 52 500 (0.16%) were con-
sidered pertinent. Subsequent examination and checking of the 52 500 abstracts and
the original papers revealed a large number of duplications between the various ab-

stracting journals and nearly 9900 irrelevant ones, leaving a net total of 28 800



research documents obtained from these sources. In addition to abstracts, 4900
documents had come to TPRC's attention from other sources making a total of
33 700 documents up to June 1964, These 33 700 references are covered in the
revised second edition of the Retrieval Guide published in October 1967.

Subsequently, in preparation for future Retrieval Guide publications, an
additional 22 000 reference entries have been made. Thus, as of 31 December
1969 there are 55 700 references identified for TPRC's Information Storage and
Retrieval System. The above figures give an insight as to the magnitude of the
effort involved in a thorough search of world knowledge even in a relatively speci-
alized field. The overall current statistical data for TPRC!' s scientific documen-

tation are presented in Table I.

When the retrospective search of the world literature, primarily through
the medium of abstracting journals, was completed early in 1965, TPRC reviewed
its procedure of using abstracting journals for the identification of current litera-
ture on thermophysical properties research. It was recognized that continued use
of abstracting journals for research awareness would represent, at best, one to
two years delay in identifying and procuring such literature, with the result that
bibliographic searches provided by TPRC could not be on a reasonably current
basis. Hence, beginning in 1965 TPRC has subscribed to some 80 highly selected
scientific and technical journals to obtain current research articles. To complete
the literature search, the Chemical Abstracts continue to be scanned to cover the
open literature and several government abstracting journals such as the Scientific
and Technical Aerospace Reports, U. S. Government Research and Development
Reports, etc. are scanned to cover the government report literature. In addition
to these basic sources, TPRC searches certain specialized sources such as
Masters Theses in the Pure and Applied Sciences, Doctoral Dissertation Abstracts,
and a number of special compendia. Of particular note here are the two overseas
Branches of TPRC at Brussels, Belgium, and Kobe, Japan, who serve a very im-
portant input function for European and Far Eastern literature*. Furthermore,
TPRC continues to develop its cooperative working arrangements on the exchange
of research results and scientific information with major national and international
institutions engaged in thermophysical properties research. As a result of this
policy, TPRC is now able to keep abreast of current research with an average time

>
These TPRC overseas Branches are not supported under this contract.



TABLE I, STATISTICAL SUMMARY OF SCIENTIFIC
DOCUMENTATION ACCOMPLISHMENTS

(As of 31 December 1969)

In 1969 Total at End
Documents identified 4 261 55 700
Documents received 10 747 56 628
Documents coded 6 605 47 651
Reference entries on all properties 16 804 183 135

Reference Entries by Property
(Since publication of Retrieval Guide, 2nd edition)

Reference Entries % of File

(In 1969) (Total at End) (At End)
Thermal conductivity 3 371 8 989 20.51
Specific heat 2 389 6 299 14.37
Diffusion coefficient 1385 4 905 11.19
Viscosity 1 848 4 731 10.79
Thermal linear expangion coefficient 2 525 4 202 9. 59
Reflectance 1307 J 511 8.01
Surface tension 1252 3 205 7.31
TranSmittance 875 3 067 7.00
Eniittance 481 1470 3.35
Absorptance 347 1133 2.59
Thermal diffusivity 302 841 1. 92
Thermal volumetric expansion coefficient 200 593 1.35
Accommodation ceoefficient 241 374 0.85
Thermal contact resistance 192 282 0.64
Prandil number 73 146 0.33
Abhsorptance to emittance ratio 15 82 0.19

Total 16 804 43 830% 100%

“There are 139 305 reference entries (see Table II) in Book 2 of Retrieval Guide,
2nd Edition, making a grand total of 183 135 reference entries as of 31 December

1969.



lag from document publication to acquisition not to exceed six months. Besides
being used as input to the Data Tables Projects at TPRC, the information acquired
under the documentary phase of this program is intended to render technical in-
quiry services to governmental, industrial, and academic laboratories in answering

questions on thermophysical properties.

A statistical study completed in late 1968 showed that some 330 of the total
over 3600 scientific and technical journals cited to date yielded more than 85 per-
cent of the articles. The top-yielding 50 journals subscribed by TPRC plus all the
government reports, Ph,D. dissertations, and masters theses received by TPRC

yielded over 60 percent of the current holdings.

It would be desirable to replace the manual literature searching and scan-
ning by computer searching and scanning if it could be workable so as to reduce the
time lag in document identification, However, it was found that, due to the pre-
vailing inaccurate assignment of key words to articles, the computer could pick out
less than 50 percent of the pertinent articles from the literature and the other 50
percent or more would be lost. Furthermore, the majority of the articles picked
out by the computer would still have to be screened manually for being valid and
useful for the documentation file. In view of the above, it appears that manual pro-

cessing must continue for document identification and screening.

The problem of procuring research documents from the open literature is
beginning to assume major proportions especially in the case of foreign literature
and special publications of limited distribution. Therefore, TPRC!s specialized
holdings constitute a unique national asset and are assuming increasing importance
for rapid access to the world literature on thermophysics and thermophysical pro-
perties. It is TPRC's experience that literature retrieval programs which yield
only bibliographies as their end product are becoming increasingly less useful be-
cause of the time lapse involved in procuring the cited documents. To remedy this
situation, TPRC has supplemented its long-standing practice of submitting biblio~-
graphic responses to literature search requests with copies of the actual documents
in the form of standard microfiche. The conversion of TPRC!s hard copy document

holdings into microfiche form was completed during 1967,



2. RETRIEVAL GUIDE

The comprehensive second edition of the THERMOPHYSICAL PROPERTIES
RESEARCH LITERATURE RETRIEVAL GUIDE was published in October 1967 by the

Plenum Press.

This three-book volume represents the printout of a special computer pro-
gram and provides quick access to the world literature on thirteen thermophysical
properties of all matter. This definitive work contains a complete coverage of the
world literature published from January 1920 (in some cases earlier) to June 1964
on thirteen thermophysical properties. Its 2800 pages (in 3 books) report 45 116
materials, citing 33 700 references representing 26 562 authors and 3600 separate
scientific and technical journals and books in addition to Government reports. Its
substance and property coverages are listed in Table II. The contents of the three

books of the Retrieval Guide are as follows:

Book 1: Primarily constitutes TPRC's classified Directory of Substances in
which information on the thirteen thermophysical properties are reported. Book 1
also contains three other major chapters which greatly enhance its usefulness.
These consist oft (1) Guide to TPRC's Substance Classification Procedure and
Numerical Codes; (2) Dictionary of Synonyms and Trade Names with a Listing of
Cross References; and (3) Index to Mixtures.

Book 2: Contains the classified code entries and publication year of each
reference for each property of each material. The classified code entries cover
the following:

Phys. State: 1-Solid; 2-Liquid; 3-Gas; 4-Semi-solid; 5-Powder;

6-Suspensoid; 7-Sintered; 8-Solid-Gas system;
9-Solid-Liquid system.

Subject s 1-Theoretical ; 2-Experimental ; 3-Theo. and Exp. ;
4-Property values; 5-Theo. and Prop. val. ; 6-Exp.
and Prop. val.; 7-Theo., Exp., and Prop. val.;
8-Survey, Review, Compendia, or Bibliography.

Language: 1-Eng. ; 2-Fr.; 3-Ger. ; 4-Dutch; 5-It. ; 6-Jap. ;
7-Rus. ; 8-Span. ; 9-Other,

Temperature: 1-Low, 0 to 75 K; 2-Normal, 75 to 1275 K; 3-High,

1275 K and up; 4~(Low + Normal); 5-(Normal + High);
6-(Low + Normal + High); 7-Not specific.

Book 3: Part A provides bibliographic citations for the 33 700 references

covering scientific and technical journals in addition to university dissertations and



TABLE @I. SUBSTANCE AND PROPERTY COVERAGES OF RETRIEVAL GUIDE*

SUBSTANCE COVERAGE - All Matter

Elements and chemical compounds

Ferrous and nonferrous alloys

Mixtures

Systems, composites, etc.

Polymers, rubbers, etc.

Refractories

Glasses

Natural products

Minerals

Paints, surface finishes, coatings

Slags, scales, aggregates, cermets,
fuels, lubricants, fibers, fabrics,
pharmaceuticals, insulations,
building materials, residues, etc.

General

Total number of substances

9 030
9 970
13 396
1643
2 600
961
1109
1100
662

2 632

1967
46

45 116

PROPERTY COVERAGE - Transport and
Thermodynamic Properties Encountered
in Heat and Mass Transfer Calculations

Thermal conductivity (including accommodation
coefficient and thermal contact resistance)

Specific heat

Viscosity (Newtonian and non-Newtonian;
including fluidity)

Thermal radiative properties (emittance,
reflectance, absorptance, transmittance,
and optical constants)

Diffusion coefficient
Thermal diffusivity

Prandtl number

Total number of reference entries

31 050
28 030

46 870

9 400

21 720

1705
540

139 305

<

#Ehis storehouse of information has come from 33 700 references representing 26 562 authors and 3600 separate
scientific and technical journals and books in addition to sources of governmental and industrial reports (e.g.,
Defense Documentation Center, Clearinghouse for Federal Scientific and Technical Information, Atomic Energy
Commission, National Aeronautics and Space Administration, research centers, and the like).



technical reports of governmental agencies, industrial organizations, and research

centers and laboratories. Part B contains an index to names of contributing authors.

Effective January 1967, the scope of property coverage by TPRC was in-
creased to include the coefficients of linear and volumetric thermal expansion and
surface tension. Furthermore, each thermophysical property is coded separately
instead of the past practice of coding several related properties in groups. For
instance, the thermal conductivity, accommodation coefficient, and thermal contact
resistance were formerly all coded under the property thermal conductivity. They
are now coded separately as individual properties. Similarly, the five entries under
thermal radiative properties are now listed separately as individual properties. Thus,
effective since January 1967, TPRC maintains cognizance over sixteen thermophysical

properties for all materials. They are:

Absorptance to emittance ratio

Prandtl number

Diffusion coefficient

Thermal linear expansion coefficient
Thermal volumetric expansion coefficient
Surface tension

A, Thermal conductivity

B. Accommodation coefficient
C. Thermal contact resistance
D. Thermal diffusivity

E. Specific heat at constant pressure
F. Viscosity

G. Emittance

H. Reflectance

I. Absorptance

J. Transmittance

K.

L.

M.

N.

0.

P,

The code entries are also revised as follows:

Physical State: A-Solid (including porous}; B-Liquid; C-Gas; D-Powder
(loose or cold-pressed - including coarser granular
particles), for example, sand; E-Sintered (including hot-
pressed); F-Suspensoid (including fine emulsions), for
example, petroaltum, blood, milk, paint, mud, clay,
paste, gel, etc.; G-Powder - fluid system (including
coarser granular particles), for example, sand + liquid,
fluidized bed, glass spheres suspended in glycerin, etc. ;
H-Solid - fluid system, for example, contact in gaseous
atmosphere, etc. ; I-Liquid - gas system.

Subject: A-Theoretical (about properties) - Original theory or a
sufficient amount of modification of existing theory. A
theoretical discussion. Analytical development for the
prediction of results; B-Experimental - Description,
discussion or theory about experimental technique or
apparatus for the determination of property values;
C-Property Values - Calculated or measured data with

no theory or experimental techniques discussed. Limited

8



data compendia, correlations and ncmographs are
included here; D-Theoretical and £xperimental -
Combination of codes A and B; E-Theoretical and
Property Values - Combination of codes A and C;
F-Experimental and Property Values - Combination
of codes B and C; G-Theoretical, Experimental and
Property Values - Combination of codes A, B and C;
H-Survey or Review - Critical or informative survey
or review on a hroad scale about experimental tech-
niques or theories; I-Data Collections - Compilation
of data on a broad scale (critical or uncritical).
Handhooks, data books, encyclopedias, etc.

Language: A-Eng. ; B-Fr.; C-Ger.; D-Dutch; E-It. ; F-Jap. ;
G-Rus. ; H-Span, ; I-Other.

Temperature ¢ A-Low s-198 C, s135 R, =-325 F, < 75K; B-Normal,
<1000 C, <2292 R, <1832 ¥, <1273 K; C-High, >1000 C,
>2292 R, >1832 F, >1273 K; D-Low + Normal; E-
Normal + High; F-Low + Normal + High; G-Undefined.

3. AUTOMATION AND COMPUTERIZED INFORMATION STORAGE AND
RETRIEVAL SYSTEM
With the installation of the new CDC 6500 computer facility at Purdue

University in summar 1967, TPRC's long needed capahility of full mechanization
in its search and retrieval operations has been fulfilled. As a result, TPRC now
has an automated bibliographic search capability to respond to specific inquiries
or to process standing requests for a continuing bibliographic service tailored to
meet demands for specific technical profiles of individual engineers, scientists,

corporations, laboratories, or governmental agencies,

During 1969, TPRC will continue to generate, quarterly, miniature
"Retrieval Guide" for each property in order to serve its own inhouse programs
as well as subscribers at nominal costs. For the future, it is considered to gen-
erate a series of Retrieval Guides for individual properties for formal publication

so as to parallel the property-oriented 13-volume TPRC Data Series.



SECTION III

DATA TABLES PROJECTS

1. DATA PROCESSING PROCEDURES

As a result of the comprehensive search of literature in the scientific
documentation phase of this program described above, the original research
papers of interest to TPRC are uncovered. These papers are procured, from
which the data are extracted, scrutinized, organized, converted to be in uniform
units, and homogeneously tabulated and plotted, in the form of "intermediate tables"
presenting the total available experimental information, as the first stage toward
the preparation of internally congsistent tables of ""best data" referred to as "Tables
of Recommended Reference Values.'" TPRC senior staff then review this informa-
tion and give the organized data final critical evaluation. At this second stage, the
experimental data are analyzed, correlated, and synthesized. This two-stage data
processing is found by TPRC to be the most logical approach lending itself to
greater effectiveness in bringing to the user the results of this type of painstaking

research in the shortest possible time.

The detailed procedures which TPRC follows in data compilation and in data
analysis and synthegis are not necessarily a matter of established routines and do
vary from property to property and from one group of materials to another. There
are certain principles which must be followed, however. For example, the data
should be extracted directly from their original sources to ensure freedom from
errors of transcription. The characterization of the test specimen should be speci-
fied as clearly as possible so as to fully identify the material tested. Especially
for solids, the source of the material, method of fabrication, treatment and heat
history of the specimen and the measuring method and conditions should be noted.

If a comparative measuring method is used, the material used as comparative
standard should be cited. The accuracy and precision of the data reported should be
separately denoted. The complete reference to the original work should always be
cited with the data. Whenever some of the above criteria cannot be satisfied be-
cause of absence of necessary information in the original work, an attempt is made
to contact the author, if possible. In the cases where data cannot be adequately
evaluated by TPRC due to lack of required information, such data are appropriately

"flagged. "
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TPRC's Gerber Data Point Reader has been in full operation to accurately
and speedily read data points off graphs presented in the research literature. When-
ever the graph is too small to give accurate readings, an attempt is made to con-

tact the author, if possible, for original data in tabular form.

In connection with its activities in data processing, TPRC has estahlished,
through experience, appropriate procedures of operational practice which lend to
good organization of work, uniform recording and filing, and other procedures of
"good housekeeping, " thus assuring ready tractability of original records of pro-

cessed data as permanent working records for reference at any time in the future.

The procedure in data analysis and synthesis involves critical evaluation of
the validity of available data and related information, resolution and reconciliation
of disagreements of conflicting data, correlation of data in terms of various affect-
ing parameters (sometimes in reduced form), comparison of the resulting data with
theoretical predictions or with results derived from semi~theoretical relationships
or from generalized empirical correlations, etc. Furthermore, thermodynamic
principles and semi-empirical techniques are employed to fill in gaps and to ex-
trapolate existing data so that the resulting recommended values are internally

consistent and cover as wide a range of the controlling parameters as possible.

2. ACTIVE PROJECTS

TPRC data tables projects include the thermal conductivity, specific heat,
thermal radiative properties (emittance, reflectance, absorptance, transmittance),
thermal diffusivity, and thermal linear and volumetric expansion of elements, ferrous
and nonferrous alloys, intermetallic, semiconducting, and nonmetallic compounds,
cermets, ceramics, composites, mixtures, systems, polymers, etc., and the ther-
mal conductivity, specific heat, and viscosity of fluids and fluid mixtures. Table I
gives a statistical summary of the accomplishments in 1969 of all the data tables

projects. Part of the projects are, however, not funded under this contract.

The resulting data tables are to be disseminated at large through the
13-volume TPRC DATA SERIES, as described in more detail later in the next sub-
section. A summary of the statistical data on the completed Volumes 1 to 7 of the
TPRC DATA SERIES is given in Table IV. The property data are presented in both
tabular and graphical forms, with accompanying tables giving specifications and

characterizations of the test specimens for the data,
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TABLE III. STATISTICAL SUMMARY OF ACCOMPLISHMENTS OF
ACTIVE DATA TABLES PROJECTS

(As of 31 December 1969)

In 1969 Total at End

No. of documents processed 6892 16 094
No. of documents accepted as data sources 2259 7 311
No. of materials compiled 1073 5 437
No. of data sets compiled 9642 38 270

TABLE IV, SUMMARY OF STATISTICAL DATA ON VOLUMES 1 TO 7 OF
"TPRC DATA SERIES"

No. of
References to
Data Sources™

No. of No. of No. of
Pages Materials Data Sets

Volume 1. Thermal Conductivity -

Metallic Elements and Alloys 1600 892 5539 1013
Volume 2. Thermal Conductivity -

Nonmetallic Solids 1300 812 4627 598
Volume 3., Thermal Conductivity -

Nonmetallic Liquids and Gases 700 170 1505 725
Volume 4, Specific Heat -

Metallic Elements and Alloys 820 322 1186 428
Volume 5. Specific Heat -

Nonmetallic Solids 1730 550 1009 457
Volume 6. Specific Heat -

Nonmetallic Liquids and Gases 380 56 863 595
Volume 7. Thermal Radiative Properties -

Metallic Elements and Alloys 1650 242 5184 371

e
These are the references to data sources only, not including those references to the
text on the theory, estimation, and measurement of the respective thermophysical

properties.
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The following brief summaries will serve to characterize each of the data

tables projects.
a. Thermal Conductivity

Thermal conductivity constitutes Volumes 1, 2 and 3 of the TPRC DATA
SERIES. The data compilation and critical evaluation and the generation of recom-
mended reference values for the thermal conductivity of the elements is totally
completed and is being maintained on a current basis. For the other groups of
materials the work is finished to various degrees depending upon the importance
of the various groups of materials. It has been a standing practice to try to finish
the data processing for the most current research documents first and then to work
backwards on the older documents of earlier years, Because of the immense amount
of new research documents generated every year and because of the limited funding
level and man-year effort, it is impossible at the present level of operation to pro-

cess completely all the research documents for all the materials.

In the Retrieval Guide, second edition, which contains 33 700 references,
there are 7329 references on thermal conductivity, i.e., 21,7 percent (neglecting
the relatively small number of references on accommodation coefficient and thermal
contact resistance). The present rate of document input into TPRC!' s Information
Storage and Retrieval System is about 6000 per year. If the past ratio remains ap-
proximately the same, as indicated by the relative file size (20. 51%) for thermal
conductivity shown in Table I, there are over 1200 new documents per year on ther-
mal conductivity entering TPRC System. Therefore, it becomes a too arduous task
even just to maintain current by processing the most recent documents, 1200 per

year, A similar situation is present for most of the other projects.

The thermal conductivity of metals, alloys, and intermetallic compounds,
which are organized into seven groups, is  included in Volume 1 of the TPRC DATA
SERIES. Besidesthe presentation of experimental data, recommended values are
given for the elements and for a few alloys. Volume 2 presents data for thirty groups
of nonmetallic solids. Recommended values are given for the elements and a few
oxides. Volume 3 contains the critically evaluated and recommended reference values
for 58 fluids and also the compiled data for 112 systems of gas mixtures which are
organized into four groups. The pure fluids are organized into three groups; for
the elements recommended values are given for solid, saturated liquid, saturated
vapor, and gaseous states while for the other two groups of pure fluids, recommended
values are given for saturated liquid and gaseous states. See the Appendix for com-
plete lists of the materials covered.
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Since all the three volumes on the thermal conductivity are completed, in
addition to updating and upgrading the existing tables and compiling data for new
materials, the future efforts will also include the critical analysis of the data for
alloys of Volume 1 and refractory oxides of Volume 2 and the extension of the work
on Volume 3 to the thermal conductivity of an increasing number of refrigerants and

to the high-pressure effect on the thermal conductivity of liquids and gases.
b. Specific Heat

Specific heat constitutes Volumes 4, 5 and 6 of the TPRC DATA SERIES.
Tables on the specific heat of the elements and of all the important alloys, inter-
metallics, compounds, cermets, and mixtures have been prepared. Data on the
specific heat of metallic elements and alloys and nonmetallic solids are compiled
here at TPRC while the work on nonmetallic liquids and gases is done at TPRC' g
Kobe Affiliate in Japan.

The specific heat of the metalsand alloys, which are organized into four
groups, is included in Volume 4, Volume 5 presents data for twenty-four groups
of nonmetallic solids. Volume 6 contains the critically evaluated and recommended
reference values for 56 fluids organized into four groups, and the recommended val-

ues are given for both liquid and gaseous states.

Besides updating and upgrading the existing tables and compiling data for new
materials, the future efforts will also include the critical analysis of the data for the
elements of Volumes 4 and 5 and the extension of the work on Volume 6 to the specific
heat of an increasing number of refrigerants and to the high-pressure effect on the
specific heat of liquids and gases.

c. Thermal Radiative Properties (Emittance, Reflectance, Absorptance, and
Transmittance)

This group of properties constitutes Volumes 7, 8 and 9 of the TPRC DATA
SERIES. The radiative properties of metals and alloys are presented in the completed
Volume 7. Volume 8 will contain the data for many groups of nonmetallic solids,
while Volume 9 will present the data for coatings of all types, especially those parti-

cularly suitable for thermal control and for high temperature applications.

The present tables are organized in a way that is much different from that in
the original TPRC Data Book. It is due to the establishment of a better scheme for
the designation and categorization of the subproperties. According to the new scheme,

by applying the proper geometric conditions (angular, normal, hemispherical) and
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wavelength conditions (spectral, total, integrated, solar) to the four prime properties,
there are althogether thirty-three subproperties for any one material. The wave-
length range covers from 500 A to 1000 pm, which encompasses the thermal portion

of the spectrum, and special attention is given to solar spectrum conditions.

In addition to the presentation of original data, the data for many materials
have been analyzed and ""analyzed data graphs' are presented in parallel to give the
user an evaluated review of the available data and where possible to recommend

values under specific environmental conditions.

Since Volume 7 is now completed, the major efforts are concentrated on the
processing of data on nonmetallic solids and coatings. A new classification scheme
for coatings has been developed after considerable study by the TPRC staff in con-
sultation with several national experts. The coatings are now classified into
conversion-diffusion coatings, contact coatings, pigmented coatings (vitreous enamels

and paints), and uncharacterized coatings (commercial designations).

Although in the Retrieval Guide, second edition, there are only 2829 refer-
ences on thermal radiative properties (8.4 percent of the 33 700 references), in
recent years the number of new research documents on the thermal radiative prop-
erties has increased steadily and rapidly. Presently, 21 percent of the TPRC annual
input are related to thermal radiative properties, and a half of these documents con-

tains information on coatings.
d. Thermal Diffusivity

Thermal diffusivity will constitute Volume 10 of the TPRC DATA SERIES.
The work on this property has been greatly accelerated since 1968. All the previous
tables have been completely updated and revised and new research documents are
processed to extend the scope of coverage. The recommended values for the ther-
mal diffusivity of the elements are being generated also. Volume 10 of the TPRC
DATA SERIES will be published in late 1970 and will contain the thermal diffusivity

of elements, alloys, and many groups of nonmetallic solids.
e. Viscosity

Viscosity will constitute Volume 11 of the TPRC DATA SERIES. The work
on this property had been suspended from 1964 to 1966. Starting early 1967 this
work was reactivated in TPRC's European Branch at the Belgian Institute for High

Pressure, Brussels, Belgium.
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Data compilation for the same 56 fluids as covered by Volume 6 of the TPRC
DATA SERIES and also for a number of refrigerants is well under way. Critical
evaluation of the compiled data so as to gererate the recommended reference vaiues
is also in progress. A computational procedure for generating the recommended
values from experimental data has been fully established. This Volume 11 will be
published in 1971.

f. Thermal Expansion (Lirear and Volumetric)

Thermal expansion will constitute Volumes 12 and 13 of the TPRC DATA
SERIES. This project was initiated in mid-1968 and has since been in full progress.
The work includes both linear and volumetric expansion and covers elements, alloys,
intermetallic compounds, and various groups of nonmetallic solids. The two vol-

umes are planned to be published in 1972,

3. TPRC DATA SERIES

Synthesis of existing fragments of knowledge is as important as so-called
original observation. The availability of adequate standard reference data tables is
essential to national progress, economy, and defense. To this end TPRC has con-
tributed greatly through the generation and dissemination of data tables on thermo-

physical properties.

The 13-volume TPRC Data Series brings together the most comprehensive
and authoritative compilations of existing numerical data on thermophysical proper-
ties of materials. Recommended reference values of particular properties for
partieular materials are also often included. This new TPRC Data Series has evolved
from the old three-volume loose-leaf 11" x 17" size TPRC Data Book, which was
disseminated by TPRC from 1960 to 1967 and is well known nationally and, indeed,
internationally. As of January 1967, the old TPRC Data Book contains 3322 data

sheets, reporting 11 425 test specimens and citing 3424 references.

In view of the old TPRC Data Book's continuing rapid growth since 1960 and
the extensive physical proportions it had assumed and in order to eliminate the cum-
bersome merging of supplements and the associated high cost of dissemination, it
was decided in 1967 to discontinue the procedure of publication in loose-leaf format
and its semi-annual dissemination by TPRC. Instead, the old Data Book has been
restructured into volumes by properties and extensively updated, upgraded, and

enlarged to become this new TPRC Data Series in 13 volumes.
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One of the major improvements of the new TPRC Data Series over the old
Data Book is that each volume of the Data Series includes also a comprehengive
text on the theory, estimation, and measurement of the property and an overall
material index, in addition to the most comprehensive compilation of numerical
data. The text provides a general background and review of the theory and physics
of the property considered in that volume, the methods for estimating the property
values when experimental data are not available, and the experimental methods and
apparatus for measuring the property. Such a background information enables the
user to properly and fully utilize the compiled data and also enhance the usefulness
of the data themselves. The material index lists alphabetically all the materials
contained in that volume and in the companion volumes on the same property to-
gether with their respective volume numbers and page numbers. Many commercial
designations of materials are cross-indexed with their previous designations and
synonyms are cross-indexed with each other. Thus it enables the user to quickly
locate the data for any material contained in the volume or in the companion vol-

umes and to completely retrieve the desired data.

The numerical data for each material (except for the pure fluids) are pre-
sented in a full-page figure and also tabulated in a data table, accompanied by a
specification table providing for every set of data a concise description of the sample
characterization, as well as the method of measurement and test conditions. For
the pure fluids of Volumes 3, 6 and 11, a critical discussion is given for each fluid
in place of the specification table for the samples and data table for the raw data,
which are presented through a departure plot, since all data have been critically

reviewed and recommended values are presented.

Table V gives an indication of the structure, scope, and publication schedule
of the TPRC Data Series. The first seven volumes of the Data Series have been com-
pleted and are in the publisher' s hands for printing, They will soon be available
through Plenum Press, New York, in the form of formal hard-bound volumes,

9-1/4%" x 11-1/4" in size. It is contemplated that work on Volumes 8, 9 and 10 will
be completed in late 1970, Table V also reflects the substantial increase in scope

of Volumes 12 and 13, which are now anticipated to comprise 1000 pages each instead
of 500 pages projected a year ago. The Table of Contents and Grouping of Materials
and List of Figures and Tables of the completed first seven volumes are given in the

Appendix.
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TABLE V.

PUBLICATION SCHEDULE FOR TPRC DATA SERIES*

1970 1971 1972 1973 1974 1975 1976 1977 1978
Volume 1. Thermal Conductivity - First Second
Metallic Elements and Alloys Ed. 1600 Edition
Volume 2, Thermal Conductivity - First Second
Nonmetallic Solids Ed, 1300 Edition
Volume 3, Thermal Conductivity - First Second
Nonmetallic Ligquids and Gases |Ed. 700 Edition
Volume 4. Specific Heat - First Second
Metallic Elements and Alloys Ed. 820 Edition
Volume b5, Specific Heat - First Second
Nonmetallic Solids Ed. 1730 Edition
Volume 6. Specific Heat - First Second
Nonmetallic Liquids and Gases |Ed. 380 Edition
Volume 7. Thermal Radiative Properties ~| First Second
Metallic Elements and Alloys Ed, 1650 Edition
Volume 8, Thermal Radiative Properties ~| First Second
Nonmetallic Solids Ed. 880 Edition
Volume 9. Thermal Radiative Properties -} First Second
Coatings Ed. 1690 Edition
X 2 . First Second
Volume 10. Thermal Diffusivity Ed. 500 Edition
. . First Second
Volume 11. Viscosity Ed. 600 Edition
Volume 12, Thermal Expansion - First Second
Metallic Elements and Alloys Ed. 1000 Edition
Volume 13, Thermal Expansion - First Second
Nonmetallic Solids Ed. 1000 Edition
*

Figures given under First Ed. represent estimated numbers of pages for the volumes. After the second edition, subsequent
editions of each volume are to be released at intervals of five years.




As more volumes are readied for publication, an increasing number of the
data tables and a number of the complete volumes will be in the form of critically
evaluated and analyzed reference data. In fact, in the years ahead an increasingly
larger portion of TPRC! s total effort will be directed toward data analysis and
synthesis along with data compilation, The former is a slow and painstaking task
seldom fully appreciated by those who have not been involved with the generation or

use of such information.

The continuing and systematic nature of this program makes the TPRC Data
Series unique, quite distinctive from other data sources or handbooks, in that its
coverage is constantly updated to maintain current and constantly upgraded to in-
clude more and more critically evaluated and analyzed standard reference data.
Furthermore, for those users who have need for the most up-to-date information,
TPRC will provide specific inquiry services or one may subscribe to the automatic
data update plan tailored to meet a specific technical profile of an engineer, scientist,
corporation, or laboratory. Thus, the user can always get the '"last word" from the
Data Series generator, TPRC.

The above-outlined procedure for data dissemination closely parallels the
concept which TPRC has followed during the past twelve years for the dissemination
of bibliographic information, In other words, TPRC publishes its major accomplish-
ments in formal volumes through commercial channels while it directly disseminates

up-to-date information to maintain its publications and audience on a current basis.

SECTION IV

TECHNICAL INQUIRY SERVICES

TPRC! s contributions in information services continue to be primarily in the
nature of technical advisory and consulting, data recommendations and predictions,
and special bibliographic and data searches. During 1969, 436 inquiries (nearly nine
per week) have been responded by TPRC covering various categories. Gratis re-
sponses to inquiries were given on an increasingly selective basis due to limited funds
and time available for this purpose. Figure 1 gives an indication of the growth and
distribution of these queries over the years. Figure 2 shows the detailed geographi-
cal distribution of the inquiries responded in 1969. As shown in Figure 2, these

inquiries are from 36 states and District of Columbia and 21 foreign countries.
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Figure 1. Growth and Distribution of TPRC's Inquiry Responses over the Years
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While Figure 1 indicates nearly a 14 percent decrease in the number of
queries responded in 1969 over the preceding year, the tiine spent in answering
these queries was 55 percent greater. It is of interest to note that, on the average,
TPRC devoted approximately 72 hours to respond to a question requiring data analysis,
4. 2 hours to answer a technical question, and 1, 3 hours to respond to a query re-
questing literature. The average time spent per inquiry was 3.1 hours. These
figures are substantially larger than the corresponding figures for 1968, primarily
because TPRC devoted large block of time in 1969 to a few data analysis inquiries
from the Air Force and NASA.

It is TPRC!'s aim and expectation that as our data books and other outputs
are disseminated to the scientific and technical community on a worldwide basis
through commercial publishers, the number of general technical inquiries will drop
further, On the other hand, a larger number of engineers and scientists are becom-
ing increasingly aware of TPRC! s activities, thus reflecting a continuing incrase in

inquiries concerning TPRC!s services and capabilities.

SECTION V

OTHER PUBLICATIONS AND RELATED WORK
NOT UNDER THIS CONTRACT

1. THERMOPHYSICAL PROPERTIES OF HIGH TEMPERATURE SOLID MATERIALS

"Thermophysical Properties of High Temperature Solid Materials,
Y. S. Touloukian (Editor), Vol. 1 to 6, MacMillan Company, New York, 8479 pp. ,
19617,

This major encyclopedic reference work consists of 6 volumes comprising
9 books (since Volumes 2, 4 and 6 consist of 2 books each) with a total of 8479 pages
reporting data from 2447 references for 14 381 specimens in 1375 material groups.
This work is available from the MacMillan Company as individual volumes as well

as a complete set, The general contents of the respective volumes are as follows:

Volume 1 - Elements

Volume 2 - Nonferrous Alloys
PartI - Nonferrous Binary Alloys
Part II - Nonferrous Multiple Alloys

Volume 3 - Ferrous Alloys
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Volume 4 - Oxides and Their Solutions and Mixtures
Part I - Simple Oxygen Compounds and Their Mixtures
Part I - Solutions and Their Mixtures of Simple Oxygen
Compounds, Including Glasses and Ceramic Materials

Volume 5 - Nonoxides and Their Solutions and Mixtures,
Including Miscellaneous Ceramic Materials

Volume 6 - Intermetallics, Cermets, Polymers, and Composite
Sy stems
Part I - Intermetallics
Part I - Cermets, Polymers, and Composite Systems
The twelve specific properties covered in each volume are: density, melting
point, heat of fusion, heat of vaporization, heat of sublimations, electrical resis-
tivity, specific heat at constant pressure, thermal conductivity, thermal diffusivity,
thermal linear expansion, thermal radiative properties (absorptance, emittance,

reflectance, and transmittance), and vapor pressure.

2. NATIONAL STANDARD REFERENCE DATA SERIES

As a component of the National Standard Reference Data System - National
Bureau of Standards (NSRDS-NBS), TPRC has assumed its responsibility for the
generation of Standard Reference Data on the thermophysical properties of sub-
stances and materials to meet the national needs. As a result, TPRC generates a
series of reports giving recommended values of thermophysical properties of de-
finable substances, materials, or systems. While all numerical data find their
way in TPRC Data Series, these research reports discuss in detail the considera-
tions involved in arriving at the recommended reference values with a full assess-
ment of the experimental data and theoretical guidelines on which the critical
evaluation is based. The reports are normally released by TPRC first in the form
of a "preliminary report'" and distributed internationally to a number of experts for
review and criticism. The formal reports are then published under NSRDS auspices

and released in the National Standard Reference Data Series.

TPRC!'s activity in this area during the first two years (1 June 1964 to 30
June 1966) was concentrated on the generation of critical tables of the thermal con-
ductivity of specifically selected materials. This results in the following two

reports?

(1) "Thermal Conductivity of Selected Materials," R. W. Powell, C. Y, Ho,
and P. E. Liley, National Standard Reference Data Series - National Bureau
of Standards NSRDS-NBS 8, 1-168, 1966.
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A total of 29 substances and materials are studied. These are the
metals aluminum, copper, gold, Armco iron, iron, manganin, mercury,
platinum, platinum-rhodium (40%) alloy, silver, tungsten; the nonmetallic
solids aluminum oxide, beryllium oxide, Corning code 7740 glass, diamond,
magnesium oxide, Pyroceram brand glass-ceramic code 9606, quartz,
thorium dioxide, titanium dioxide; and the fluids argon, carbon tetrachloride,

diphenyl, helium, nitrogen, m-terphenyl, p-terphenyl, toluene, and water.

(2) "Thermal Conductivity of Selected Materials, Part 2," C, Y. Ho,
R. W. Powell, and P. E, Liley, National Standard Reference Data Series -
National Bureau of Standards NSRDS-NBS 16, 1-146, 1968.

A total of 16 substances and materials are studied. These are the metals
cadmium, chromium, lead, magnesium, molybdenum, nickel, niobium,
tantalum, tin, titanium, zinc, zirconium; the nonmetal graphite (5 species);

and the fluids acetone, ammonia, and methane,

In 1967 and 1968 efforts were concentrated on the generation of critical tables

of the thermal conductivity of the elements which are not covered in the above two

reports. Efforts were also made to expand the tables for the elements which are in

liquid or gaseous state at normal temperature and pressure to include recommended

values for the solid and saturated vapor states also. This results in the following

"preliminary report' :
y

(3) "Standard Reference Data on the Thermal Conductivity of Selected
Materials, Part 3," C. Y. Ho, R. W. Powell, and P. E. Liley, Thermo-
physical Properties Research Center Final Report on NSRDS-NBS Contract
CST-1346, 1-435, 1968,

A total of 68 elements are studied. These are antimony, argon, arsenic,
barium, beryllium, bismuth, boron, bromine, calcium, cerium, cesium,
chlorine, cobalt, dysprosium, erbium, europium, fluorine, gadolinium,
gallium, germanium, hafnium, helium, holmium, hydrogen (including
deuterium and tritium), indium, iodine, iridium, krypton, lanthanum,
lithium, lutetium, manganese, neodymium, neon, neptunium, nitrogen,
osmium, oxygen, palladium, phosphorus, rhodium, rubidium, ruthenium,
samarium, scandium, selenium, silicon, sodium, strontium, sulfur, tech-
netium, tellurium, terbium, thallium, thorium, thulium, uranium, vanadium,

xenon, ytterbium, and yttrium. For most of the nonmetallic elements which
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are liquid or gaseous at normal temperature and pressure, recommended
values are given for solid, saturated liquid, saturated vapor, and atmos-
pheric-pressure gaseous states. For the other elements, recommended
values are provided mainly for the solid state, though values for both solid

and liquid states are given for 13 elements.

After five years of diligent effort, we have completed the critical evaluation,
analysis and synthesis of the available data for the thermal conductivity of the
elements across the periodic table. This five-year effort is now in the process
of final review and updating, and it is anticipated that a definitive work on the pro-
gram entitled " Thermal Conductivity of the Elements'" will become available in
1970 under the auspices of the National Bureau of Standards, Office of Standard

Reference Data.

3. MASTERS THESES IN THE PURE AND APPLIED SCIENCES

"Masters Theses in the Pure and Applied Sciences Accepted by Colleges
and Universities of the United States,' Beth M. Schick (Editor), Volumes I to XIII.

This work provides a unique source of information on current academic

research and serves as a barometer on research trends.

This annual publication has evolved from a rather limited attempt to report
masters thesis titles in five disciplines to include all the pure and applied sciences
(except mathematics and the life sciences). In Volume III, an experiment was made
to report doctoral dissertations as well, but this was discontinued in subsequent
volumes. Because of the gradual development of this publication it has undergone
some modifications of its title in the first three volumes; however, the work is now
recognized as listed above, The volumes contain a table of contents and an index to

the universities and colleges. A brief statistical summary of coverage is given below.
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Masters Theses in the Pure and Applied Sciences

Thesis Contributing Titles
Year Institutions Reported
Volume I

Part 1 1955 93 1002

Part I 1956 93 1027
Volume I 1957 154 1727
Volume IIT*

Part I 1958 139 3736
Volume IV 1959 162 4984
Volume V 1960 183 5708
Volume VI 1961 186 5911
Volume VII 1962 186 6321
Volume VI 1963 175 6505
Volume IX 1964 174 6940
Volume X 1965 170 7310
Volume XI 1966 173 7099
Volume XII 1967 167 6909
Volume XIII** 1968 174 7802

*Part II of Volume III includes doctoral dissertations for 1956 -57 academic year,
citing 2846 titles from 103 universities.

**Effective with Volume XIII, "Masters Theses in the Pure and Applied Sciences'
appears under a new cover design and represents a turning point in the twelve-
year publication of this unique reference work as the Thermophysical Properties
Research Center (TPRC) and University Microfilms Library Services, Ann Arbor,
Michigan, join forces in its publication. As in the past, TPRC will gather the
thesis titles and will prepare the manuscript for the volume while the University
Microfilms will print and disseminate this work on a worldwide basis. Back
volumes of the "Masters Theses in the Pure and Applied Sciences" may also be
purchased from University Microfilms.

SECTION VI

CONCLUSIONS

This technical report has covered those phases of TPRC!'s activities which
are either fully or partly funded under this contract for the period 1 January to
31 December 1969, and has also described briefly a number of related activities not
under this contract. The results of this program are disseminated at large through

two major publications: the Thermophysical Properties Research Literature

Retrieval Guide and the TPRC Data Series.

26



The total efforts at TPRC are centered on the single goal of the
advancement of knowledge concerning all aspects of thermophysics and thermo-
physical properties of materials. Comprehensiveness of treatment, compatible
with the highest scientific and engineering standards, forms the basic guiding
philosophy of performance. To the extent that TPRC' s activities constitute a
continuing systematic program, the planning of its activities is geared to both
short range as well as long range goals, thus leading to effective utilization of

both intellectual and fiscal resources.

27






APPENDIX

TABLE OF CONTENTS AND GROUPING OF MATERIALS AND LIST OF
FIGURES AND TABLES OF THE FIRST SEVEN VOLUMES OF
THE TPRC DATA SERIES

Volume 1. Thermal Conductivity - Metallic Elements and Alloys
Contents
Grouping of Materials and List of Figures and Tables

Volume 2. Thermal Conductivity - Nonmetallic Solids
Contents
Grouping of Materials and List of Figures and Tables

Volume 3. Thermal Conductivity - Nonmetallic Liquids and Gases
Contents
Grouping of Materials and List of Figures and Tables

Volume 4. Specific Heat - Metallic Elements and Alloys
Contents
Grouping of Materials and List of Figures and Tables

Volume 5. Specific Heat - Nonmetallic Solids
Contents
Grouping of Materials and List of Figures and Tables

Volume 6. Specific Heat - Nonmetallic Liquids and Gases
Contents
Grouping of Materials and List of Figures and Tables

Volume 7. Thermal Radiative Properties - Metallic Elements and Alloys

Contents
Grouping of Materials and List of Figures and Tables
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VOLUME 1. THERMAL CONDUCTIVITY - METALLIC
ELEMENTS AND ALLOYS

CONTENTS
Page
FOREWORD vii
PREFACE ix
INTRODUCTION TO VOLUME 1 xiv
GROUPING OF MATERIALS AND LIST OF FIGURES AND TABLES xxii
THEORY, ESTIMATION, AND MEASUREMENT
NOTATIONS la
THEORY OF THERMAL CONDUCTIVITY OF METALS, ALLOYS,
SEMIMETALS, AND SEMICONDUCTORS 5a
1, INTRODUCTION 5a
2. ELECTRONIC THERMAL CONDUCTIVITY OF METALS 10a
A. Thermal Conduction by Electrons 10a
B. Validity of the Wiedemann-Franz-Lorenz Law 14a
C. Electron Scattering Processes 16a
a. Electron-Phonon Scattering Processes and
Intrinsic Electronic Thermal Resistivity 16a
b. Scattering of Electrons by Static Imperfections
and Residual Electronic Thermal Resistivily 18a
c¢. Electron-Electron Scattering Processes 20a
d. Scattering of Electrons by External Boundaries
and Size Effect 2la
3. LATTICE THERMAL CONDUCTIVITY 22a
A. Thermal Conduction by Phonons 22a
B. Phonon Scattering Processes and Relaxation Rates 25a
a. Phonon-Phonon Scattering Processes 2ba
b. Scattering of Phonons by Extcrnal Boundaries
and Size Effect 27a
c. Scattering of Phonons by Point Defects 28a
d. Scattering of Phonons by Single Dislocations 31la
e. Scattering of Phonons by Grain Boundaries 32a
f. Phonon-Magnon Scattering Processes 33a
g. Phonon-Conduction Electron Scattering
Processes in Metals, Alloys, and Semimetals 34a
h. Scattering of Phonons by Non-Degenerate
Electron Band or by Bound Electrons in
Semiconductors 36a
C. Lattice Thermal Conductivity at Low Temperatures 38a
D. Lattice Thermal Conductivity at High Temperatures 4'7a
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4, SEPARATION OF THERMAL CONDUCTIVITY INTO

ELECTRONIC AND LATTICE COMPONENTS

5. THERMAL CONDUCTIVITY OF ALLOYS
A, Effect of Impurities in a Metal

B.

Composition Dependence

6., THERMAL CONDUCTIVITY OF SEMIMETALS

7., THERMAL CONDUCTIVITY OF SEMICONDUCTORS

A,
B.
C.

Electronic Thermal Conductivity
Lattice Thermal Conductivity

Exciton Thermal Conductivity

8. THERMAL CONDUCTIVITY OF SUPERCONDUCTORS

A,
B.
C.

Two-Fluid Model
Thermal Conductivity in the Superconducting State
Thermal Conductivity in the Intermediate State

9. THERMAL CONDUCTIVITY OF TWO-PHASE SYSTEMS

10, THERMAL CONDUCTIVITY OF POWDERS

11, THERMAL CONDUCTIVITY OF MOLTEN METALS

A,
B.

Change of Thermal Conductivity on Melting
Thermal Conductivity in the Molten State

12, ENVIRONMENTAL AND STRUCTURAL EFFECTS

A.
B.
C.
D.

Pressure Effect

Effect of a Magnetic Field

Anomalies in the Thermal Conductivify of Metals Below 1 K
Anisotropy Effect

EXPERIMENTAL DETERMINATION OF THERMAL CONDUCTIVITY

1, INTRODUCTION

2, STEADY STATE METHODS

A.

Longitudinal Heat Flow Methods
a. Absolute Methods

b, Comparative Methods

¢. Combined Methods

B. Radial Heat Flow Methods

a. Absolute Methods
( i) Cylindrical Method
(ii) Concentric Cylinder Method
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67a
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69a
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75a
75a
T6a
78a
79a

8la
8la

82a

82a
82a
84a
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87a
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(iii) Disk Method
(iv) Spherical and Ellipsoidal Methods
( v) Concentric Sphere Method
b. Comparative Methods
( i) Concentric Cylinder Method
( ii) Disk Method

C. Direct Electrical Heating Methods
a. Cylindrical Methods
b. Rectangular Bar Methods

D, Flat Plate Methods
a. Absolute Methods
b. Comparative Methods

E. Forbes Bar Method
F. Thermal Comparator Method
G. Thermoelectrical Method

NONSTEADY STATE METHODS

A. Periodic Heat Flow Methods
a. Longitudinal Method
b. Radial Method

B. Transient Heat Flow Methods
Longitudinal Method

Flash Method

Radial Method

Line Heat Source and Probe Methods
Moving Heat Source Method
Comparative Method

mepeER
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NUMERICAL DATA
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1.

2.

SCOPE OF COVERAGE
PRESENTATION OF DATA
CLASSIFICATION OF MATERIALS

SYMBOLS AND ABBREVIATIONS USED IN THE FIGURES AND
TABLES

CONVENTION FOR BIBLIOGRAPHIC CITATION

CRYSTAL STRUCTURE, TRANSITION TEMPERATURES,
AND OTHER PERTINENT PHYSICAL CONSTANTS OF
THE ELEMENTS

CONVERSION FACTORS FOR THERMAL CONDUCTIVITY UNITS
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Page

NUMERICAL DATA ON THERMAL CONDUCTIVITY OF METALLIC
ELEMENTS AND ALLOYS (See pp. xxii to xxxii for detailed 1
listing of entries for each of the following groups of materials)

1. ELEMENTS 1
2. NONFERROUS BINARY ALLOYS 469
3. NONFERROUS MULTIPLE ALLOYS 895
4. FERROUS ALLOYS 1113
A. Carbon Steels 1113

B. Cast Irons 1128

C. Alloy Steels 1142

5. INTERMETALLIC COMPOUNDS 1241
6. MIXTURES OF INTERMETALLIC COMPOUNDS 1379
7. MISCELLANEOUS ALLOYS AND MIXTURES 1415
REFERENCES TO DATA SOURCES 1445

MATERIAL INDEX

MATERIAL INDEX TO THERMAL CONDUCTIVITY COMPANION
VOLUMES 1, 2, AND 3 Al
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1. ELEMENTS

Figure and/or
Table No.

lt

14*
15

16*
1™
18*
19"
20*
21*
22t
23*
24*
26*
a¢*
27
28"
20+
30%
31*
32*
3
34

35
g
ar™
ag*
ag*

GROUPING OF MATERIALS AND
LIST OF FIGURES AND TABLES

Name

Aluminum
Antimony
Araenic
Beryllium
Biamuth
Boron
Cadmium
Cerium
Ceaaium
Chromium
Cobalt
Copper
Dysprosium
Erbium
Europium
Gadolinium
Gallium
Germanium
Gald
Hafnium
Holmium
Indjum
Iridium
Iron
Lanthanum
Lead
Lithium
Lutetium
Magnesium
Manganese
Mercury
Molybdenum
Neodymium
Neptunium
Nickel
Niobium
Osmium
Palladium
Platinum

ki Number marked with an asterisk indicates that recommended values are also reported for this material
on separate {igure and table of the same number followed by the letter IT.

Symbol

SEEFFT

Pt

34

Page No,

10
15
18
25
41
45
50
54
[H{}
G4
Gy
H2
H6
o0
91
97
108
132
138
142
146
152
156
171
175
192
i98
24)2
20M
2i2
222
230

237
245
254
258
262



1. ELEMENTS (contmucd)

l"i!‘;'};'l':;(:':‘])/."r Name Symbiof Page No,
10~ P’lutonium Y 270
41* Polassium K s e e e e e e 274
42* Praseodymiunm PBr v v v e e e e e e e e e 254
43 fromethivm PM . . v v e e e e e e e 285
44* Rhenium Y 288
45% Rhodium ] 292
a¥ Rubsidium Rb . o v v v« v o o e« o o . . . 286
47" Rulhenium T <L 1)
487 Samarium ] 305
9% Scandium SC v w e e e e e e e e e e 309
50% Sclenium S v v e e e e e e e e e e 314
51% Silicon - O L
52% Silver AE v v e e e e e e e e e e e e 140
53% Sodium Na v v 6 s v e e e e e e e e e 149
54 % ‘Tantajum Ta v ¢ v v o e e e e e e e e e e 355
55 Technelium TeE v v v e e e e e e e e e e e 363
56* Teliurium Te .« o v v v i e e e e e e e e 466
57% Terbium 4 472
oy* Thallium 1 176
5y* Thoriun T 11
Go* Thufiuwm Tm . . . o« . . e e e e e e e BLT
61* Tin e | 1

G2* Titanium e 1 1]

Sn
Ti
69" Tungsten w T § £
64* Uraniwn u O 7+
65* Vanadium v e e e e e e e e e e e 44i
66* Yiterbiuin 4. 44
67* Yttrium Y e 1 £}
68”* Zine 2 S £

6o* Zirconium 1 . 1 7

2, NONFERROUS BINARY ALLOYS

Figure and/or

“Table No, Name Furmula Page No,
70 Afumlnum + Antimony Al+Sb . . . o0 000 0w e e e e 469
71 Aluminum + Copper Al+Cu . . . . . 0 0. L. e e 470
72 Aluminum + lron Af+ Fe . . . . o v v v e e e e e e 474
73 Aluminum + Magnesfum AL+ Mg . . . . v 0 e e e e e e e e 477
74 Ajuminum + Sificon AlL+8E . . v ¢ s e e e e e e e e 480
75 Ajuminum + Tin AlL+Bn . . v o L L s e e e e e e e 483
76 Ajuminum + Uranium Al+U o . o o 0 0 e e e e e e 484
71 Ajuminum + Zinc Al+2n o .« o 0 o e e e e e e e 447
74 Antimony + Aiuminum Sb+ Al . .. L e s e e e e e e 488
79 Antimony + Bismuth Sh+Bi . . . . . . . 4 0 e . . . 4By

&
Nuwuber marked with an nsterisk indicates that recommnended values are aino reported lor this mauterial
on separate flgure wnd table of the sume number bllowed by the letter It,
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2. NONFERROUS BINARY ALLOYS (continued)

Figure and/or
Table No.

80
81
82
83
84
85
86
87
88
89
20
91
92
93
94
95
96
97
98
29
100
101
102
103
104
106
106
17
108

110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126

Name

Antimony + Cadmium
Antimony + Copper
Antimony + Lead
Antimony + Tin
Beryllium + Aluminum
Beryllium + Magnesium
Bismuth + Antimony
Bismuth + Cadmium
Bismuth + Lead
Biemuth + Tin
Cadmium + Antimony
Cadmium + Bismuth
Cadmium + Thallium
Cadmium + Tin
Cadmium + Zinc
Chromium + Nickel
Cobalt + Carbon
Cobalt + Chromium
Caobalt + Nickel
Copper + Aluminum
Copper + Antimony
Copper + Arsenic

Copper + Beryllium
Copper + Cadmium
Copper + Chromium
Copper + Cobalt
Copper + Gold
Copper + Iron
Coppor + Lead
Copper + Manganese
Copper + Nickel
Copper + Palladium
Copper + Phosphorus
Copper + Platinum
Copper + Silicon

Copper + Silver
Copper + Tellurium
Copper + Tin
Copper + Zinc
Germanium + Silicon
Gold + Cadmium
Gold + Chromium
Gold + Cobalt

Gold + Copper
Gold + Palladium
Gold + Platinum
Gold + Silver

Formula

Sb + Cd
Sbh + Cu
Sh + Ph
Sb + Sn
Be + Al
Be + Mg
Bi + 8b
Bi + Cd
Bi+ Ph
Bi + Sn
Ccd + Sh
Cd + Bi
Cd + Tl
Cd + Sa
Cd+ Zn
Cr + Ni
Co+ C
Co+ Cr
Co + Ni
Cu + Al
Cu + Sb
Cu + As
Cu + Be
Cu + Cd
Cu+ Cr

+ Co
Cu + Au

+ Fe
- Ph
Mn
Ni
I’d

Q
=
-

Pt
Si

Ag
Te
8n
Zn

(o]
s
+ 4+ + + + + F o+ o+ + F o+ o+ o+ + o+ o+

o0 00w
5‘;’5’2:0-.::.—
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492
495
496
497
498
499
502
505
508
511

514
517
520
521

524
525
526
827
528
530
534

935

- 584
588
597

603
606
609
614
617
620



2. NONFERROUS BINARY ALLOYS {continued)

Figure and/or
Table No,

127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145

167
168
109
170
171

172*

Name

Gold + Zlnc
Hafnium + Zirconium
indium + Lead
Indium + Thallium
Indium + Tin
Lead + Antlmony
Lead + Blsmuth
Lead + Indfum
Lead + Silver
Lead + Thallium
Lead + Tln
Lithium + Sodium

Magnesium +
Magnesium +
Magnesium +
Magnesiun +
Magnesium +
Magnesium +
Magnesium +
Magnesium +
Magnesium +
Magnesium +
Magnesium +
Manpgunese +
Manganeso +

Manganese +

Aluminum
Cadmlum
Calcium
Cerium
Copper
Manganese
Nlckel
Sllicon
Stlver

TIn

Zinc
Copper
Iron
Nlickel

Mecreury + Sodium
Molybdenum + Iron
Molybdenum + Titanium
Molybdenum + Tungsten
Nickel + Chromium
Nickel + Cobalt

Nlickel + Copper

Nickel + Iron

Nickel + Manganese
Nlobium + Uranlum
Nlobium + Zirconium
Palladlum + Capper
Palladlum + Gold
Palladium + Platinum
Palladium + Silver
Platinum + Copper
Platinum + Gold
Platinum + Irldium
Plalinum + Palladium
Dlatinum + Rhodium

"
Number marked with an asterlsk indlcates that recommended values are also reported for this
on geparate flgure and tuble of the satne number follawed by the letter R,

Formula

Au + 2Zn
Hf + Zr
In+ Pb
In+ Tl
In+ Sa
Pb + Sb
Pb + Bi
Pb+ In
Pb + Ag
Pb + Tl
Ib + Sn
LI+ Na
Mg + Al
Mg + Cd
Mg + Ca
Mg + Ce
Mg + Cu
Mg + Mn
Mg + NI
Mg + Si
Mg + Ag
Mg + Sn
Mg + Zn
Mn + Cu
Mn + Fe
Mn + NI
Hg + Na
Mo + Fe
Mo + Tl
Mo + W
Nl + Cr
Nl + Co
Nl + Cu
Nl + Fe
Ni + Mn
Nb+ U
Nb + Zr
Pd + Cu
Pd + Au
Pd + Pt
Pd + Ag
Pt + Cu
Pt + Au
Pt+ Ir
Pt+ Pd
PL+ Rh

37
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623
624
627
630
634
637
640
643
646
649
652
635
658
861
662
663
G666
669
672
675
678
G679
680
683
644
685
686
030
691
694
697
700
703
707
710
713
716
720
723
7126
737
730
733
734
737
738



2,

NONFERROUS BINARY ALLOYS (conlinued)

Figure angd/or
Table No.
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
180
191
192
193
194
185
196
197
198
198
200
201
202
203
204
206

207
208
208
210
211
212
213
214
2156
218
217
218

Name

Platinum + Ruthenium
Platinum + Silver
Plutonium + Aluminum
Plutonium + Iron
Potassiuin + Sodium
Rubldium + Cesium
Selenium + Bromine
Selenium + Cadmium
Selenium + Chlorine
Selenium + Iodine
Selenium + Thalllum
Silicon + Germanium
Bilicon + Iron

Silver + Antimony
Silver + Cadmlum
Bilver + Copper
Silver + Gold

Sllver + Indjum
Silver + Lead

Silver + Manganese
Silver + Palladium
Silver + Platinum
Silver + Tin

Silver + Zinc

Sodium + Mercury
Sodium + Potassium
Tantalum + Niobium
Tantalum + Tungsten
Tellurium + Selenium
Telurium + Thallium
Thaldlum + Cadmjum
Thallium + Indium
Thallium + Lead
Thallium + Telurium
Thalltfum + Tin
Thorium + Uranium
Tin + Aluminum

Tin + Antimony

Tin + Bismuth

Tin + Cadmium

Tin + Copper

Tin + Indium

Tin + Lead

Tin + Mercury

Tin + Sllver

Tin + Thallium

Formula

Pt + Ru
Pt + Ag
Pu + Al
Pu + Fe
K+ Na
Rb + Cs
Se + Br
Su + Cd
Se + Cl
Se +1
Se + Tl
Se + Ge
Si + Fe
Ag+ S
Ag + Cd
Ag + Cu
Ag + Au
Ag+In
Ag+ Pb
Ag + Mn
Ag + Pd
Ag+ Mt
Ag + Sn
Ag + Zn
Na + Hg
Na + K
Ta + Nb
Ta+ W
Te + Se
Te + Tl
T) + Cd
Tl + In
Tl + Pb
Tl + Te
Ti + Sa
Th+U
Bn + Al
Sn + Sb
8n + Bl
8n + Cd
8n + Cu
Sn+lIn
Bn+ Pb
Sn + Hg
Sn + Ag
Sn + Tl

38
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743
745
746
747
748
751
754
756
756
757
758
761
764
767
770
773
774
i
780
783
746
790
791

792
796
798
sul

H02
BOS
80K
811

812
815
818
821

822
823
824
827
830
833
834
839
842
H45
H46



2. NONFERROUS BINARY ALLOYS (continued)

Figure and/or
Table No.

214
220
221
222
223
224
225
226
227
228
229
230
231

239
240
241

Name

Tin + Zinc

Titanium + Aluminum
‘Titanjum + Manganese
Titanium + Oxygen
Tungsten + Rhenium
Uranium + Alumibum
Uranium + Chromjum
Uranium + Iron
Uranium + Magneaium
Uranium + Molybdenum
Uranijum + Niobium
Uranium + Silicon
Uranjum + Zirconium
Vanadium + Iron
Vanadium + Ydrium
Zinc + Aluminum
Zinc + Cadmium
Zirconium + Afumninum
Zirconium + Heafnium
Zirconium + Niobium
Zirconium + Tin
Zirconium + Titanium
Zirconlum + Uranium

3. NONFERROUS MULTIPLE ALLOYS

251
252
253
254
255
256G
257
258
259
260

Aluminum + Copper + IX;
Aluminum + Iron + IX;
Atuminum + Magnesium + IX;
Aluminum + Manganese + IX;
Atuminum + Nickei + IX;
Atluminum + Silicon + IX;
Aluminum + Zinc + IX|
Alumioum + IX{

Antimony + Berylllum + IX,
Beryillum + Fluorine + IX;
Beryilium + Magnesium + IX;
Bismuth + Cadmium + IX;
Bismuth + Lead + D(l
Cadmium + Bismuth + IX;
Chromium + Jron + IX;
Cobalt + Chromium + IX;
Cobalt + Iron + IX;

Cobalt + Nickel + D(l

Copper + Aluminum + IX,

Formula
Sn+Zn , .
TI+ Al . .
Ti+ Mn .
TM+0 . .,
W+ Re . .
U+Al .
u+Cr . .
U+ Fe . .
U+Mg . .
U+ Mo . .
U+Nb . .
U+ 8i . .
Uu+zar ., .
V+Fe . .
V+Y . .
Zn+ Al . .,
Zn+Cd . .
Zr + Al |, .
Zr+ HE . .
Zr+ Nb .
Zr +8a . .
Zr+TL . .
Zr + U

Al + Cu + IX;
Al + Fe + IX;
Al + Mg + IX;| .
Al + Mn + IX;
Al + NI+ IX;
Al + 81 + IX;
Al + Zn + TX;
Al + IX;

gb + Be + D(1
Be + F + IX;
Bo + Mg + IX;
Bi + Cd + IX,
Bl + Pb + IX,
Cd + Bl + IX;
Cr + Fo + IX|

Co+ Cr+ IX;
Co + Fe + IX,
Co + M + IX;
Cu + Al + X,

39

Page No.

847
B48
849
852
855
858
850
862
863
864
867
868
B71
874
877
B8O
BB1
882
883
BH6
887
B90
881

885
805
908
9tl
814
917
922
925
926
929
832
935
938
841

944
947
950
951

852



NONFERROUS MULTIPLE ALLCYS (continued)

Figure and/or

Table No. Name Formula Page No.
261 Copper + Berylllum + ZX; Cu+Be+ IX; . . . . . .. . 955
262 Copper + Cadmium + IX; Cut+Cd+ IX; . . . . . - .o 456
263 Cupper + Coball + IX, Cu+Co+ IXy . . . . . . 957
264 Copper + Iron + IX; Cu+Fe+IXy . . . . . . 960
265 Copper + Lead + IX; Cu+Ph+XX . . . . . e 961
266% Copper + Manganese + IX; Cu+Mn+ IX;. . . . . o e e . 944
267 Copper + Nickel + LX; Cu+MN+IX . , . . . N . 969
268 Copper + Silicon + LX, Cu+Si+IX . . . .. c e . 972
269 Copper + Tin + IX; Cu+Sn+IX; . « v o v v o o v . 975
270 Copper + Zinc + IX, Cu+Zn+XIX . . . ., . . e 979
271 Copper + Zirconlum + IX; Cu+Zr+IX, . . . . . e e s 985
272 Lanthanum + Neodymium + IX, La+Nd+ XX, . . . . . e e e 288
2173 Lead + Antimony + IX; Pb+ S+ IX; . e e e e 991
274 Lithium + Boron + X +B+IX . . . e 992
275 Lithium + Sodium + IX; Li+Na+IXy . . . . Coe e 994
276 Magnesium + Aluminum + IX; Mg +AlL+XX . . . . . e 988
277 Magnesjum + Cerium + IX; Mg+Ce+IX;. . . . . 1001
274 Magnesium + Cobalt + IX; Mg+Co+IX . . . . . . P 1004
279 Magnesium + Copper + IX, Mg+Cu+ IX;. . . . . . . . . 1005
280 Magnesium + Nickel + IX; Mg+ NI+ EX . . .., . . . 1008
281 Manganese + Iron + IX, Mn+ Fe+IX, . . . . . e e e 1009
242 Manganese + Silicon + IX, Mn+B81+L% ., . . . e . 1o12
283 Molybdenum + lron + IX; Mo+ Fe + IX; . . . . .. 1014
284 Nickel + Alwninum + IX, Ni+AL+ DX . . . . . e e 1014
286"  Nickel + Chromium + IX; NM+Cr+IX . . . .. e e e 1017
266 Nickel + Cobalt + IX; M+Co+ZEX; . . ., . . e e 1024
287 Nickel + Copper + IX, Ni + Cu + IX; .o .. 1o
288 Nickel + Iron + IX,; Ni+Fe+IXy . . « . . e e e 1015
289 Nickel + Manganese + IX; N+Mn+IX . . . . e e e e 1038
290 Nickel + Molybdenum + IX; Ni+Mo+IX . . . . . e e 1041
291 Nickel + D(l Ni + X3 e e e e e s e e e 1044
282 Nioblum + Molybdenum + IX; Nb+Mo+ XX; . . . . . . . 1046
293 Niobium + Tantalum + IX,; Nb+Ta+ 32X, . . . . . . e e s 1049
294 Niobium + Titanium + IX; Nb+TI+ X . . . ., . .o 1052
295 Nioblum + Tungsten + IX; No+W+IX . . . . . . 1055
296 Stlver + Cadmium + IX; Ag+Cd+ Xy« v . . . e e e e s 1058
297 Stiver + IX; Ag + IX, e e e e e e e e . 106)
238 Tantajum + Nivblum + IX, Ta+Nb+ ZX; . o . . . e e e e 1062
299 Tantalum + Tungsten + IX, Ta+W+IXy - o o . . . .. . 1065
300 Tellurium + Arscnic + IX; Te+As+IX; . . + . . C e e e 1064
ot Tin + Antimony + IX, Sn+8+ Xy .. . 0., e . . . 1064
02 Tin + Copper + LX; Sn + Cu + IX, e e e . « .. 1072
304 Titanlum + Aluminum + EX, TI+AL+ DX . . . .. o e e 1073
304 Titanium + Chremium + IX; TH+Cr+ X « + o+ . e . 1077
305 Titanium + Iron + IX, Ti + Fe + IX, e e s e . 1uso
306 Titanium + Manganese + IX; TI+Mn+ IX; . . . . . e e e e 1044

-
Number marked with an asterisk indicates that recommended values are aleo reported for this material
on separate figure and table of the same number followed by the letter R,
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3, NONFERROUS MULTIPLE ALLOYS (continued)

Figure and/or
Table No.

307
308
308
310
a1l
312
313
314
315
316
317
318
319
320
Jz21

Name

Titanium + Vanadium + IX;
Titanlum + IX;

Tungsten + Iron + IX;
Tungsten + Nickel + D(l
Uranium + Molybdenum + IX,
Uranium + Zirconium + EX;
Zinc + Aluminum + ).‘Xl

Zinc + Lead + IX,

Zirconium + Aluminum + IX,
Zircopium + Hafnium + IX;
Zirconium + Molybdenumn + IX;
Zirconium + Tantalum + IX;
Zirconjum + Tin + IX;
Zirconium + Uranfum + IX;
Zirconium + IX;

4. FERROUS ALLOYS

A. CARBON STEELS

322
RPR]

Iron + Carhon + D(‘
iron + Carbon + D(l

B. CAST [RONS

324
325

Iron + Carbon + IX;
Iron + Carbon + IX;

C. ALLOY STEELS

326
3217
328
328
330
331
32
443
334
335
336
347
338
434
340

Iron + Aluminim + IX,

Iron + Aluminum + IX;

Iron + Chromium + IX;

Iron + Chromium + IX;

Iron + Chromium + Nickel + IX;
Iron + Chromium + Nickel + IX;
Iron + Cobalt + IX;

Iron + Copper + ).‘.Xl

Iron + Mangunese + IX;

Iron + Manganese + IX,

Iron + Molybdenwn + ZX;

Irun + Nickel + IX;

Iron + Nickel + IX

fron + Nickel + Chromnfum + EX|
Iron + Nickel + Chromiwn + XX

=
Number morkud with an asterisk indfeates that recomimended values arv also ceporied fur

Formula
TI+V+ LX) .
Ti + IX; .
W + Fe + IX;
W+ Ni + IX;
U+ Mo+ IX; .
U+Zx-+D(i
Zn+Al+D(i .
Zn+l’b+D(i.
Zr + AL+ IX; .
Zr+Ht+D(i .
Zr + Mo + IX; .
Zr + Ta + IX; .
Zr+Sn+D(i
Zr+ U+ IX; .
Zr + IX; .
Fe + C + IX;
]E‘e+C+D(l

Fe + C + IX|

Fe + C + IX

Fe + Al + TX;

Fe + Al + IX;

Fe + Cr + ZX|
Fe + Cr + LX;
Fe + Cr + Nl + IX;
Fe + Cr + Nl + IX{
Fe + Co + IX|
Fe + Cu + ZX|
Fe + Mn + X
Fef-Mn-trD(l
F0+Mo+lb(l
Fe + Ni + IX,

Fe + NI + IX;
Fer NI+ Cr + LX;
Fe r NI+ Cr + IX,

on poRivale tpgure and table of the same number followed by the letter I,

41

Greup 1 .
Group 1] .

Group 1 .
Group I .

Groupl .
Group II,
Group ] ,
Group II ,
Group ] ,
Group 11,
Group II .
Group I .
Graup 1 .
Group I .
Group I,
Groupl .
Group 11,
Group 1 .
Group 1i .

. e
.

thik

materlal

Page No.

1086
1089
1090
1091
1094
1097
1094
1099
1100
1101
1104
1105
1108
i1
1112

1113
1124

112h
1132

1142
1145
1144
1152
1160
1164
1176
1179
1142
1ig

1194
1197
1202
1209
1212



4. FERROUS ALLOYS (continued)

Figure and/or

Table No.

Name

C. ALLOY STEELS (continued)

341
342
343
344
345
346

Iron + Phosphorus + D‘i
Iron + Bilicen + LX,
Iron + Silicon + IX;
Iron + Titanium + IX;
Iron + Tungsten + LX;
Iron + Tungsten + LX{

6. INTERMETALLIC COMPOUNDS

Figure and/or
Table No.
347
348
349
350
351
352
353
354
356
356
367
358
359
360
361
362
363
364
386
386
367
368
369
370
an
an2
373
374
376
376
377
378

Formula

Sb.Ta, a e s
Aﬂ{rﬁ: . e .
BaPb . . .

BasSn P
Btzs,(Tny . e e

Be,Uy P
Bequ . o .
Bi;Tey . e .

B)‘SI..y . e
Cdsb ..
CdTe .« e e
CaxFby . . .
CaySn « 0

CoSi o« . .
CuSbSey . . .
CugSey T

GeTe . e e

Ay Cu, . . .
HiB, e
InAs o e e
Ingsﬁ. s s e

In,Te. ¢« e e

laTe . e e
PbTe

Mg . .
Mg Ge . e e
Mg Si e
MgsSn .

Formula

Fe + P+ IX;
Fa+Sl+D§1
Fe + 51 + IX;
Fe + Ti + LX
Fe + W + IX,
Fe + W + IX;

42

Group I ,
Group 1l .
Group II .
Groupl .
Group 1 .
Group 11 .

Page No,

1216
1217
1221
1225
1226
1229



§. INTERMETALLIC COMPOUNDS (continued)

l?l%uaﬁea;c(l)f. or Formula Page No,
a7e HgSe T T T T 1.320
380 HgTe e BT
3sl MoSi, T T T T 1324
3682 NiSb S T T T 1327
383 RegABy . . v & ¢ v 4 s h e e e e e e e e e e e 1330
384 RexGey « « v v+ 4 s 4 e e e e w e s e e e e e s e 133
385 ReSe, C e e e e e e e e e e e e e e e e e e e s e 1332
386 AEBBTe; . v v v ¢« o v s e e s s e e e e e e e e e e e e 1345
387 AgCu T T T 1338
488 AgsSe T RS L
389 AgxTey . . . 4 o i e e e e e e e e e e e e e e e L2
390 Sr4Si R B F
391 SriSn C e e e e e e e e e e e e e e e e e e e e e e e e 1344
392 TaB, D R 2 1
393 TAGE2 & ¢« o o « o 4 o 4 e+ & 4 4 s 4 s e e 4w s . s o+« 1348
354 TIFb e T
385 SnSe, s e s e e s e s e s e e e e e e e e e e e e e 1352
396 SnTe T 1355
397 TiB, e e e e e e e e e e e e e e e e e e e e e e 145K
398 TiNi e e e e e e e e e e e s e e e e e e e e e 1461
999 WyAs; R k-1
400 wa e e e e e e e ey e e e e e e e e e e e e e 1365

403 WTE v v v v v e e e e e e e e e e e e e e e e e e e 13T
404 AT K
406 ZOSIABS . 4 . v v e e e e e e e e e e e e e e e e e e 1014
406 ZrB S R A

6. MIXTURES OF INTERMETALLIC COMPOUNDS

407 SheSeg + AggSe + PhSe . . . . i . v v e 0 e e e e e e e e e 1379
408 ShyTey + BigTey P T 1380
408 SbeTey + IngTey C h e e e s e e e e s e e e e s e e e 1386
410 BisTcy + SbyTey T
411 BisTeg+ SaTeg + 83863, v & & v ¢ v v v v o 4 v 6 v a e e e . 1492
412 Bi;Teg + BiSey F e 1393
413 CdjAs; + ZnyAs, v e v e e s e e e e e e e e e e e e 1396
414 CdSb + ZnSbh T 1597
416 CusbSe; + CuySey e h e e e e s e e e e s e s s s e s . 1400
418 CuySey + CuSbSe, Loe e e e m e s e e e e e e e e e e 1401
417 InSb + IngTey Coe e e e e e e e e e e e e e e e e 1403
418 IgTea + CugTe + AgaTe . . . . . .+ . v v v v v o v o o o o W 1406
419 HygTe + CdTe Ve e e e e e e e e e e e e e e e 1407
420 AgSbTe; + SnTe toe s e e e e e s e e e s e e e e ... 1410

43



6. MIXTURES OF INTERMETALLIC COMPOUNDS (continued)

Figure and/or

Table No. Formula Puge No.

421 SnTe + Ag8hTez. . « . . + . « v & « o + v o+ o« o+ o+ . o« o+ o« < 1411
422 ZnSh+CdSb . . . . . L L o s e 0 e e e e e e e e e e 1412

7. MISCELLANEOUS ALLOYS AND MIXTURES

423 BlaTeg+ Te « v« & v v v v v v e e v e e e e e e e e e 1415
4124 Be + BeO e e e v e e e e e e A e e e e e e e e e e 1416
425 Cr+ALOy . . « « . v . v v e v e e e v e e e e e e e . 1419
426 Cu+BeCo . . . « . ¢ v v v e e e e e e e e e e e e e e 1420
427 GaAB + GaP , . . . . . . v o v v e e e e e e e e e e 1423
428 InAg + InP ., . . . L L. L s s s s e e e e e e e e e e 1426
429 Mo+ ThOp; . . . . . . . & v v v v d e e e e e v e e e e e 1429
430 Na+Nag0 v & v v v v v e v e e e e e e e e e e e e e 1482
431 TiNi + Cu v e e e e e r e e e e e e e e e e e e e s e 1413
432 TiNl + Ni e s v e e 4 e e e e e e e e e e e e e e e e 1416
433 L 11 R L
434 U+ U0 S 1442
435 Zr+ Zr0z . . v h e e e v e e e e e e e e e e e e e e 1444

44



VOLUME 2. THERMAL CONDUCTIVITY - NONMETALLIC SOLIDS

FOREWORD
PREFACE

CONTENTS

INTRODUCTION TO VOLUME 2
GROUPING OF MATERIALS AND LIST OF FIGURES AND TABLES

NOTATIONS

THEORY, ESTIMATION, AND MEASUREMENT

THEORY OF THERMAL CONDUCTIVITY OF NONMETALLIC SOLIDS

1. INTRODUCTION

2. LATTICE THERMAL CONDUCTIVITY OF CRYSTALS AT
LOW TEMPERATURES

A. Thermal Conduction by Phonons

B. Phonon Scattering Processes and Relaxation Rates

a.

b
c.
d.
e

s}

R Pw

Normal Three-Phonon Processes

Umklapp Three-Phonon Processes

Phonon Scattering by External Boundaries and Size Effect

Phonon Scattering by Isotopes

Phonon Scattering by Foreign Atoms of Different Binding
Force

Phonon Scattering by General-Type Point Imperfections
and Resonance Scattering

Phonon Scattering by Single Dislocations

Phonon Scattering by Stacking Faults

Phonon Scattering by Grain Boundaries

Phonon Scattering by Magnons

Phonon-Spin Resonance Scattering and Magnetic Field
Effect

Phonon Scattering by Electrons and Resonance
Fluorescence Scattering

C. Other Theories of Lattice Thermal Conductivity

a.
b.
c.
d.

Callaway Relaxation Time Model
Holland Two-Mode Conduction Approach
Ziman Variational Method

Kuho Correlation Function Method

3. LATTICE THERMAL CONDUCTIVITY OF CRYSTALS AT
HIGH TEMPERATURES

A. Perfect Crystals - Intrinsic Thermal Resistance

B, Imperfect Crystals

45

Page
vii
ix
xiv

xxii

la
5a

5a

1la
12a

16a
16a
17a
18a
19a

21a

2la
25a
26a
27a
28a

30a

32a

37a
38a
42a
444
5la



10,
11.
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1. ELEMENTS

Figure and/or
Table No.
1*
2
R

GROUPING OF MATERIALS AND
LIST OF FIGURES AND TABLES

Name

Boron

Carbon

Carbon (Diamond)

Carbon ( Graphite)
AGOT Graphiie
A'TY Graphite
AWG Graphite
Pyrolytic Graphite
SA-25 Graphite
8755 Graphite
8808 Graphite
Mlscellaneous Graphite

Icdine

Phosphorus

Sulfur

2. SINGLE OXIDES

Figure and/or
Table No.
15%
16*
17
18%
19
20
21
22
23
24
25
26
ar
28
29
30
31%
32%
33
I

Name

Aluminum Oxdde (Sapphire)
Aluminum Oxide

Barium Oxide

Beryllium Oxide

Boron Oxide

Calcium Oxide

Cerium Dioxide

(di)Copper Oxide

Hafnium Dioxide

Indium Oxide

{tri)Iron Tetraoxide
Lithium Oxide

Magnesiuin Oxide
Manganese Oxide
(tri)Manganese Tetraoxide
Nickel Oxide

Siiicon Dioxide ( Crystaliine)
Silicon Dioxide (Fused)
Strontium Oxide

Thorium Dioxide

"Number marked with an asterisk indicates that recommended values aro
on separate figure and table of the same number fullowed by the letier R.

Symbol

aoaow

Formula

AlO5 .
ALOy .
BaO .
BeO
B,0; .
CaQ
CeQ, .
Cu,0 .
HfO,
In0O .
Fey04.
Li,O
MgO .
MnO .
Mn;Qy.
NiO
8i0,
5i0,
8r0O
ThO, .,

50

Page No.

v+« « « . .«  B6

Page No.

. s e 9

e e e e 98
Ve e e e e 120
e e e e e 123

e e e e 138

e e e e e e e 141
- e e 144

e e e e e e 147
e s e e e e e 150
e e e e e e 154
e 154

e e e e 157

e e e e e 158
Vo e e e e 168
Yo e e e e e e 170
e e e e e 171
B T 174
e e e e e e 183
o e e e e e 194
e e e e 195

also reported for this malerial



2, SINGLE OXIDES (continued)

Figure and/or
Table No,

35
36%
37
36
39
40
41
42

Name

Tin Dioxide

Titanlum Dioxide
Tungsten Trioxide
Uranium Dioxide
{tri)Uranium Octoxide
Yttriwm Oxide

Zinc Oxide
Zirconiwm Dioxide

3. OXIDE COMPOUNDS

43
44
45
46
47
48
49
50
51
652
53
54
56
56
57
58
59
60
61
62
63
64
65
66
67
68
69

Aluminum Fluosilicate (Topaz)
Aluminum Silicate (Mullite)
Barium Metatitanate

Barium Dititanate

Bismuth Stannate

Calclum Stannate

Calcium Metatitanate

Calclum Tungstate

(tr1)Cobalt Strontlum Metadtanate

Cobalt Zine Ferrate
Forsterite

Garnet

Lead Metatitanate

Lead Zirconate
Magnesium Aluminate
Magnesium Aluminate
Magnesium Stannate
Manganese Ferrate
Manganese Zinc Ferrate
Nickel Zinc Ferrate
Sodium Tungsten Bronza
Strontium Metatitanate
Strontium Zirconate
Yttrium Aluminate
Yttrium Ferrate

Zinc Ferrate

Zircondlum Orthosilicate

-
Number marked with an aslerisk indlcates thal recommended values are also reported for this
on geparale figure and lable of the pame numbor followed by the lelter R.

Formula

S5nG, . . .
Tig, . . .
wO; . .

uo, . .

UsOg . . .
Y0, . . .
zZn0O . . .

Zrro, .. .

2A1FO - 510,
3Al,05 ¢ 25i0,
BaTiQy

BaO - 2TIO,
Bi(Sn0Oy),
CaSnOy
CaTiOy
CawQ,
CagSrTiO,
Co(Zn)Fe 04
Mg,Si0,

(mIMPLs10,),] .

PbTi04
PhZro,
MgO+ Al,O4
MgO « 3. 5A1304
MgSn0y
MnFe;0,
Mn(Zn)Fe,0,
Ni{Zn)Fe;0,
Na, WO,
SrTi0,
SrZrO,

Y Al0p2
Yyleg(FeOy),
ZnFey0,
Zr$i0,

51

malerial

Page No,

159
202
209
210
237
240
243
246

251
254
257
264
261
264
267
270
271
272
275
278
279
262
283
286
289
252
295
248
301
304
307
308
411
314
317



4,

BINARY MIXTURES OF SINGLE OXIDES AND/OR OXIDE COMPOUNDS

Flpure and/or
Table No,
70
71
72
74
T4
75
76
177
78
79
1
81
82
83
84
B85
86
87
88
89
90
91
92
93
94
95
96
97
s
99
100
101
102
103
104
105
166
107
108
108

Name

Aluminum Oxide + Aluminum Silieate
Aluminum Oxide + (di)Chromium Trioxide
Aluminum Oxide + (di)Manganese Trioxide
Aluminum Oxide + Silicon Dioxide
Aluminum Oxide + Zirconium Dioxide
Aluminum Silicate + Aluminum Oxide
Barium Oxide + Strontiwn Oxide

Barium Metatitanate + Calcium Metatltanate
Barium Metatitanate + Magnesiunl Zirconate
Barium Metatitanate + Manganesc Niobate
Beryllium Oxide + Uranium Dioxide
Cerium Dioxide + Magnesium Oxide
Cerium Dioxide + Uranium Dioxide
Gadolinium Oxide + Samarium Oxide

Lead Oxide + Silicon Dioxide

Magnesium Aluminate + Magnesium Oxide
Magnesium Aluminate + Silicon Dioxide
Magnesium Aluminate + (di)Sodium Oxide
Magnesium Oxide + Beryllium Oxide
Magnesium Oxide + Clay

Magnesium Oxide + Magnesium Aluminate
Magnesium Oxide + Magnesium Orthosilicate
Magnesiwn Oxide + Niekel Oxide
Magnesium Oxide + Silicon Dioxide
Magnesium Oxide + Tin Dioxide
Magnesium Oxide + Uranium Dloxide
Magnesium Oxide + Zine Oxide

Magnesium Orthosilicate + Magnesium Oxide
(di)Manganese Trioxide + Aluminum Oxide
(di)Mangancse Trioxide + Magnegium Oxide
(diYManganese Trioxide + Silicon Dioxide
Silicon Dioxide + Aluminum Oxide

Silieon Dioxide + Calcium Oxide

Silicon Dioxide + (di)Iron Trioxide
Thoriwn Dioxlde + Uraantum Dioxide

Tin Dloxide + Magnesium Oxide

Tin Dioxide + Zinc Oxide

Tungsten Trioxide + Zinc Oxide

Uranium Dioxide + Beryllium Oxide
Uranjum Dioxide + Calciwm Oxide

Uranium Dioxide + (di}Niobium Pentoxide
Uranfum Dioxide + Ytirium Oxide

Uraniwn Dioxide + Zirconium Dioxide
Yttrium Oxide + Uranium Dloxide

Zince Oxide + Magnesium Oxide

Zinc Oxide + Tin Dioxide

52

Al,Oy + 3Al,0q + 25105,

AlOy + Cry05 . .
AlLOg+ MnyO3 . .
AlLOy + 8i0;, . .
AlLOy + Zr0;, .

3A1203 - &8Iy + Alzog.

BaO + SrO N
BaTiO; + CaTiOy

BaTiOy + MgZr0Oy .
BaTiOy + MnsNby Oy

BeO + UOy .
CeOy + MgO -
CeOy + UDy

GdgO; + Smy0,

PhO + Si0y ..

MgO - Al1Oy + MO
MgO - ALyOy + 810,
MgO - Al;04 + NayO
MgO + BeO

MgO + Clay .
MgO + MgO - AlyGy
MgO + 2MgO -« Si(y
MgO + NiO

MgO + 510y .
MgO + SnOy

MgO + U, .o
MgO + ZnO .o
2MgO - 510 + MO
Mny Oy + Al,Op
Mn,0y + MgO . .
Mny0; + S10y

Si0, + AlyO, . .
510y + Cal -
8i0, + Fe,0; .
ThO, + UQ, . .
Sn0, + MgO N
SnO; + ZnO -
W03 + Zn0 . -
UQ; + BeO P
UQy + Cal ..
UOz + NbyOy NN
UOy + Y0y

Uo; + Z2r0, .
Y04 + UO, ..
Zn0 + MgO [
Zn0O + BnOy ..

.

419
422
423
426
427
428
429
432
435
448



4. BINARY MIXTURES OF SINGLE OXIDE AND/OR OXIDE COMPOUNDS (centinued)

Figure and/or
Table No,
116
117
118
118

Name

Zirconium Dioxide + Aluminum Oxide
Zirconium Dioxide + Calcium Oxide
Zirconium Dioxide + Magnesium Oxide
Zirconium Dioxide + Yttrium Oxide

Formula

ZrOy + AlLOg . .
ZrQ; + CaO .

Zr0y + MgO .o
Zr0y + Y405 . .

5. MULTIPLE MIXTURES OF SINGLE OXIDES AND/OR OXIDE COM POUNDS

120
121
122
123
124
125
126
127
128

143
144
145
146
147
148
149
150
161

Aluminum Oxide + Silicon Dioxide + D(‘
Aluminum Oxide + Titanium Dioxide + IX;
Barium Oxide + Silicon Dioxide + LX;
Barium Oxide + Strontium Oxide + IX;
Beryllium Oxide + Aluminum Oxide + IX;
Beryllium Oxide + Magnesium Oxide + IX;
Beryllium Oxide + Thorium Dijoxide + IX;
Beryllium Oxide + Zirconium Dioxide + IXj
(di)Chromium Trioxide + Magnesium Oxide + IX;
Lead Oxide + Silicon Dioxide + IX;
Magnesium Oxide + Caleium Oxide + XX
Magnesium Oxide + (di)Chromium Trioxide + IX;
Magnesium Oxide + {di)iron Trioxide + IX;
Magnesium Oxide + Silicon Dioxide + LX;
Silicon Dioxide + Aluminum Oxide + D(i
Silicon Dioxide + Barium Oxide + EX!
Silicon Dioxide + Boron Oxide + LX;
Silicon Dioxide + Calcium Oxide + IX;
Silicon Dioxide + Lead Oxide + IX;
Silicon Dioxide + (di)Potassium Oxide + X,
Silicon Dioxide + (di)Sodium Oxide + EX;
Strontium Oxide + Lithium Aluminate + IX;
Strontium Oxide + Lithium Zirconium Silicaie +
X
Strontium Oxide + Titanium Dioxide + LX;
Strontium Oxide + Zinc Oxide + X
Tin Dioxide + Meguesium Oxide + ZX,;
Tin Dioxide + Zinc Oxide + IX;
Zinc Oxide + Strontium Oxide + IX;
Zinc Oxide + Tin Dioxide + IX;
Zirconium Dioxide + Calcium Oxide + XX,
Zirconium Dioxide + Silicon Dioxidu + D(i
Zircontum Dioxide + Yttrium Oxide + IX;

53

AL Qy + 8i0; + IX|
Al;0y + TiO; + IX;
BaO + Si0; + TX;
BaO + SrO + IX;
BeO + ALOy + IX;
BeO + MgO + IX;
BeO + ThO; + IX
BeO + Zr0O; + X,
Cry0; + MEO + XX
PbO + 810; + X
MgO + Ca0 + IX;
MgO + Cry0y + X
MgO + Fe, 0y + IX|
MgO + S10; + IX;
S10; + ALOy + IX|
510, + BaO + IX;
S10, + B0y + ZX
510, + Ca0O + XX,
$10; + PbO + IX;
510, + K0 + IX;
S10; + NagO + LX;

STO + 14,0 - Al0y + IX,

SrO+ Li,0- ZrO+Si0y + IX;

SrO + TiO, + XX;
SrO + ZnO + D(‘
Sn0, + MgO + IX;
SnG,; + Zn0O + IX;
Zn0 + Sr0 + IX;
Z4n0 + 5nQ; + X,
4r0y + Cal + X
ZrQ, + 5103 + IX|
ZrOy + YUy + X

Dage No.

441
442
446
449

514
517
620
524
524
527
528
541
5.4

537



6.

7.

8.

9.

MIXTURES OF OXIDE AND NONOXIDE

Figure and/or
Table No.
152
153
154
155
156

158

JODIDE

154
160
161

BROMIDES

162
163
164
165

CARBIDES

166
167
168
169
170
171

173
174
175
176
177
178
179
180
181

Name

(tetra)Boron Carbide + Sodium Mctasilicate

Graphite + Thorium Dioxide
Graphite + Uranium Dioxide

Magnesium Oxide + Tale

Silicon Carbide + Silicon Dioxide

Silicon Carbide + Silicon Dicxide + ):xl

Thorium Dioxide + Graphite

Cesium Jodide
Copper lodide
Silver Iodide

Cegium Bromide
Potassium Bromide
Silver Bromide
Thallium Bromide

(di)Beryllium Carbhide
(tetra)Boron Carbide
Hafnium Carbide
{tri)Iron Carbide
(di)Molybdenum Carbide
Niobjum Carbide
Silicon Carbide
Tantalum Carbide
Thorium Carbidc
Thorium Dicarbide
Titanium Carbide
Tunygsten Carbide
Uranium Carbide
Uranium Dicarbide
Vanadium Carbide
Zirconium Carbide

Csl
Cul
Agl

CseBr
KBr

AgDr
T1Br

BegyC
BC
HIC
Fa C
Mo C

siC
TaC
ThC
ThC,
TiC
we
uc
UC,
Ve
ZrC

54

Formula

B + Na;O - Si0y .

C + ThOy - .
C + U0, .- .
MgO + HMg,(5104)
SiC + Si0y N
SIC + 510 + IX; .
ThOy + C . e

Page No,

541
544
547
550
553
554
557

561

563

565
566
565
570



e

T b ) o

1. CHLORIDES

Figure and/or
Table No.
182
183
184
185
186

Name

Potassium Chloride
Silver Chloride
Sodium Chloride
Thallium Chloride
Zinc Dichloride

11, FLUORIDES AND THEIR MIXTURES

187
188
189
180
181

192
193

194

12, NITRATES

195
196
197

13, NITRIDES

198
199
200
201
202
203

205

Barium Difluoride
Caleclum Difluoride
Lanthanum Trifluoride
Lithium Fluoride

Lithium Fluoride +
Potasgium Fluoride + IX;

Sodium Fluoride

Sodium Fluoride +
Berylilium Difiuoride

Sodium Fluoride + Zirconium
Telralivoride 1 LX|

Potassium Nitrate
Silver Nitrate
Sodium Nitrate

Aluminum Nitride
Boron Nitride

Hafnium Nitride
(tri)silicon Tetranitride
Tantalum Nitride
Titanium Nitride
Uranium Nitride

Zirconium Nitride

14, PHOSPHATES

206
207
208

Ammeoeniem Dihydrogen Phosphatc
Potassiwn Dideuteron Phosphate

Potassium Dlhydrogen Phosphate

Formula

KCl
AgCl
NacCl
TICL
ZnCly

BaF,
CaF;
LaF,
LiF

UF+KF+EXI

NaF

NaF + BeFy .

NafF +

AENO;
NaNOy

AIN
BN
1IN
813N,
TaN
TiN
UN
ZrN

NiiH,PO,

sz‘+ ml

KD,PO,
Klig PO,

55

.

Page No,

613
620
621
625
626

627
630
633
636

641
642

646

G679
G8Y
(L K]
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16,

—

i,

SULEAT G

Fuguire and/on
Table Na,
209
21u
211
212
213
214

Nume

Ammgniane Hydrogen Sullate
Patassium Chromium Sullute (Alam)
Potassium Hydrogen Sultate

Sodium llydiogen Sulfate

Sodiwn Thiosulfate

Ziuc Sulfate Heptahydrate

SULFIDES AND THEIIR MIXTURES

215
216
217
218

CERMETS

222
223
224

225
226
227
228
229
240
231

Ceriwn Sulfide
(di)Cerium Trisulfide
(di)Copper Sullide

(di)Copper Sulfide + Lron Sulfide +
(tr1)Nickel Disullide

{di)Copper Sullide + {tri)Nickel Disullide

Lanthanum Sullide
(tri)Nickel Disulfide

Aluminum Oxide + Chromlum
Beryllium Oxide + BeryHium

Heryllium Oxide + Beryllium +
Moalybdenum

Beryllium Oxide + Beryllium + Silicon
{tetra)Boron Carbide + Alwninum
Silicon Carbide + Silicon
(di)Sotlium Oxlde + Sodium
Strontiur Metatitanate + Cobalt
Titanium Carbidc + Cobalt
Titanium Carbide + Cobalt +
Niobium Cuarbide
Titanium Carbide + Nickel +
Molybdenum + Niobium Curbide

Tilanium Carbide + Nickel +
Niobium Carbide

Uranium Carbide + Uranium
Uraniwm Dioxide + Chromium
Uraniwm Dioxide + Molybdenum
Uranium Dioxjde + Niobium
Uraniwn Dioxide + Stainless Steel
Uranium Dioxide + Uraniumy
Uranium Dioxide + Zirconium
Zirconium Dioxide + Tilanjuin
Zirconium Dioxide + Zirconium

Zircomium Dioxide + Yilrium Oxide +
Zirconlum

56

I'orinula

NULLSO, .

KCr{(S0,), + 1211,0 .

KIS0, .
NaHS8Q¢ ., . .
Naphy0q * 5H,0
ZnsQg* T,0

CcS P
CeySy [
Cu;b‘ « e

CugS + FuS + Nigsy.

CupS + Nigs, .
las e .

Nig3, .

Alz(.)3 +Cr . .
BeO + Be .

BeO + Be + Mo .
BeO + Be + Si

BC +Al . ., .
SicC+8 ., . .
Na;O + Na , .
SrTiOy + Co .
TiC + Co NI

TiC + Co + NbC
TiC + Ni r Mo +

TIC + Ni + NbC .,
uc+u . . .
UOoy+ Cr. . .
UO; + Mo, , .,
UOQ; + Nb,

¢« .

.o s

U0, + Stainless Steel .

uo,+ U . . .
UOy + 4r . ., .
LrOy + Tio .
ZyOy + Zr

O + Y Uy + 4r

Ipe No,

657
(11,1
601
LYz
643

694

(97
SHEY

[P ]

00
‘el
XY
706

707
i

711
714
717
714
721
722
725

726

740
11
742
T35
Tty
T41
744



18,

19,

MISCELLANEOUS INORGANIC COM POUNDS AND MIXTURLES

Figure and/or

Table No.
244
245
246

249

2448

N
[ I
(=T

M
&
st

252
253
204
250
256
2567
208
209
260
261
262
263

MINERALS

264
265
266
267
268
269
270
271
272
273
274
275
276
211
278
279

Name

Ammoniwn Perchlorate
Cadmium Germaniwn Phaosphide
Calcium Curbonate

Calcium Phosphate 1 Lithiuia Carbonate +
Magnesiwmn Carbonate

Carbon + (xygen

Carbon + Volatile Muterials

Gallium Phosphide

Graphite + Bromine

Giraphite + Uranium Dicarbide

Lithium Hydride

Magnesium Carbonate

Potassium DBromide + Potassium Chloride
Potasstum Chloride + Dotassium Bromide
Potassium Dihydrogen Arscnate
DPatassiwm Thiocyanate

Silicon Carbide + Graphite

Sodium Hydroxide

Strontium Difluoride + EX;

Zinc Germanium Phosphide

Zirconium llydride

Basall e e e s e e e e e e
Beryl T
Cluy e« e s e 4 s e s a4 s
Coal e e e e e e a e s
Dolomite L
Earth C e s s s s e s e e e
Gabbro v e e e e e e e e
Granite v e e e e e e e e
Limcstone e e s e s e e e e e
Mica P e e e e e e e
Perlite s e s s s s e s e e
Rock sos s e e e s e e e
Salt C e e e e e e e e e
Sand e e e e e e e e e e
Sandstone e s e e s e e e e e
Sillimanlte P e s e e e e e e e
Slate PO - o v e e e
Soil e s s e e e e e e s
Spinel C e e e e e e e e .
Spodumene e e e e e e e e e e
Stealite e e e e e e v e e e

Tourmaline . . . . . . . . .

a7

rormula

NILCIO¢ -« « ¢ v .
CdGePy o 0 o 0 0 W .
CuC 0; T

Ciug(POY; 4 LI L0, + Mpi0,
C+0 v e e e

C + Volatile Materials .

Galr T T
C+Br . . . . . ..
C+UC, + + « .« « o«
Lill s e e s e s e
MgCO;, . . . . . . .
KBr+KCl , , . . . .
KCl+KBr ., . . . . .
KllaA804 v e e e e
sic+C . . . . . .,
NaOll e e e e
SrF.+ EX; . . . . . .
ZnGeP; . . . . . . .

Zrd e e e e e e

Page No,

763
764
765
766
767
770
773
776
779
782
185
748

790
41
792
7494

497
H0O
804
807
810
813
B16
817
B20
822
827
828
B32
B33
840
845
Bl6
847
B4B
851
852
855



19,

20,

2],

22,

MINERALS (continued)

Figure and/or

Table No,

286
287

Name

Tuff
Wollastonite . . . . . . .

AGGREGATE MIXES

288
284
290

MISCELLANEOUS REFRACTORY MATERIALS AND GLASSES

291
292
293
294
295*
296
297
298
209"

POLYMERS

300
301
02
303
304
306
306
307
308
309
310
91l
J12
313
J14
315

Cement e e e e .
Concrete e e e e e e e e
Plaster [

Bricks s e e e e e e e
Ceramics, Miscellancous . .
Cordierite e e e e e e e
Enamel e e e e e e e e
Glasses e e e e e e e e
Mullite P

Petalite C e e e e e e e
Porcelains e e e e e e e e

Pyroceram Brand Glass - Ceramic., .

Copoly(chloroathylene-vinyl acstate) .
Copoly(formaldehyde-urea), Mipora .
Nylon e e e e e e e
Phenollc Regin . . . . . .
Pliofoam P
Polychloroethylene{pclyvinyl chloride).
Polyethylene . . . . . . . . .
Polyhexahydro-2H-azepin-2-one, Silon
Poly(methyl methacrylate) [ Plexiglas]
Polystyrene ., . . .« . . . . .
Polytetrafluoroethylene [ Teflon], . .
Polytrifluorochloroethylene . . . .
Rubber (Ebonfte) , . . . . . . .
Rubber (Elastoner) . . . . . . .
Rubber (GRR-S) . . . . . . . .
Rubber (Miscellaneous). . . . .

3
Number marked with an mwsterisk indleaton that recommonded valucs are also
on separate figure and tnble of the samo number fullowed by the letter it

58

roported for this material

Page No.

861
862
K87

463
967
970
971
974
u77
ELI



2. MISCE LUANEOUS ORGANIC COM IMOUNDS

Figurce and/or
Table No,
316
317
3148
319
320
321
322
323

324
325
326
327
2K
4y
330

24, SYSTEMS

431
332
343
334
335
336
337
338
3439
340

25, ANIMAL AND VEGETABLE

341
342
343
J44
345
446
347

Name Formula
Anthracene [CeH4(CH)Cgh, T .
Benzene, P-dibromo CgllBry R
Bensene, P-dichloro Cght L1y .
Benzene, P-dijiodo Cellly
Diphenyl CeHyCgHyg .
Diphenyi Oxide (Cglig)L .
Diplienylamine (Cgtlg)aNILL .
Diphenylmethane +

Naphthalcne (Cgllg):Clly + C iy
Naphthalene Colly .
Naphthol Cotly O .
Nitrophcnol NOL4l1,011
Phenanthren Cllyg .
Santowax R
Sodium Acetate NaCalfgg « 3H50
Trinitroteluene CliCgll(NUg)g

Applicd Coatinga (Nonmetallic). . . . . .
Honcycamb Structures (Nonmetallic) . . . .
Honeycomb Structures (Metallic ~ Nonmetallic)

Laminates (Nonmetallic) e e e e e
Laminates (Metallic - Nonmetallle) . . .
Powders (Nonmetallic) e e e e e
Sandwiches (Nonmetallic) e e e e

Sandwiches (Metallic - Nonmetallic) . .
Miscelluneous Systems (Nonmetallic) . . .
Miscelluncous Systems (Metallic - Noanietallic)

Ash e e e e e e e e e e
Balsa s e e e e e e e e e
Boxwood e e e e e e e

Cedar T
Cork e e e e e e e e e e a
Cotton e e e e e e e e e e s
Fat e e e e s e e e e e e
Ly e e e e e e e e e

Greenhomrt . . . . . . . . . . .
ILwrdwood e e e e e e e e e e e
Ivory f e e e e e e e e e e

Kapok e s s e e e s e 4 e e s

59

.

NATURAL SUBSTANCES AND THEIM DERIVATIVES

[age No,

1009
1010
1040
1021
1036
1040
1044
1047
1051
1055

1054
1060
1061
1062
1063
1064
vz
1073
1074
1075
1076
1077



25,

26,

27,

ANIMAL AND VEGETABLE NATURAL SUBSTANCES AND THEIR DERIVATIVES

Figure and/or
Table No,

353
354
355
356
357
358
359
360
361
362
363
364
465
366

Name

Lignum Vitae ., ., . .,
Mahogany . e e

Magple o e e e
Pines . e .

Redwood e e e e
Sawdust e e e e
Spruce [
Teak Ve e e s
Vulcanized Fiber , ., .,
walnut e e

WhiteWood ., . ., . .
wood Fiber . . . .
Wool v e e e

FABRICS, YARNS, AND HAIRS

367
388
369
370
a1
372

Cotton Fabric . . . .
Cotton Wool , ., . . .
Hair Felt e s e s
Pluton Cloth . ., . .

Rene 41Cloth . ., . .
Silk Fabric . . . . .

PROCESSED COMPOSITES

373
374
375
316
an
318
379
380
381
as2
383
384
386
386
387
388
389
J90

Asbestos Cement Board .
Asphall - Glass Wool Pad
Cardboard . . . .
Cellulose Fiberboard . .
Cornstalk Wallboard . .
Diastomite Aggregate |
Excelsior soe e
Fir Plywood . . . . .

Glass Fiber Blanket [Fiberg

Glass Fiber Board. . .
Koldhoard , . ., . .
Monolithic Wall, . . .
Paper . e s s
Sea-weed Product , , .

Vegetable Fiberboards, Miscellansous

Wallbonrds, Miscellansous .
Wood Products, Miscollancous

Wool Felt S

lass].

60

{continued)

Page No.

s e s e e 1079
e e e e e 1050
e e e e e e 1081

[ 1082
e e e e e e 1043
1084

e e e e e 1085

PO 1046
P T T T S loy7?
e e e e e 1048

O T )
S T L 1)
e e e e e . 1091

[ [

L 1091
e e e e e 1096
[ T S 1099
v e e e e s 1100
foe e e e e 1102
. e s 1105

[ SN 1107
e e e iloy

e e e e e 1109
[ 1110
foe e e e e 1111
[ S 1112
voe e e e s 1113

e v e e e e 1114

[ S 1115
[ T 1124
[ 1125

e e e e e e 1126
[ T S S 1127
T T TP 1128

I 1128
T 1131
Ae e e e e 1132

[T § KK



28, PROCESSED MINERA L SUBSTANCES

Figure and/or

Table No, Name
331 Asbestos Fiber -
352 Micanite . e
393 Mineral Fiber « . e
394 Processed Mincral Wool |
395 Quartz Fiber . .
396 Rock Cork -

20, SLAGS AND SCALES

397 Mincral Wool ..
398 Mystic Slag . e
399 Slag Wool « .

30, RESIDUES

400 Bitumen

401 DBone Char .
402 Charcoal . .
404 Coal Tar Fractions . .

61

Page No,

1135
X138
1139
1140
1143
1146

1147
. 1150
1151

1165
1156
1157
1X58
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NOTATIONS

LIQUIDS AND GASES
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THEORY, ESTIMATION, AND MEASUREMENT

THERMAL CONDUCTIVITY OF LIQUIDS

1.

2,

INTRODUCTION

NOTEWORTHY SUPPLEMENTARY PUBLICATIONS

A,
B.

Data Compilations

Special Groups of Fluids
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Organic Liquids

Refrigerants

Oils

Biological Fluids

Fruit Juices and Sugar Solutions

Aqueous Solutions of Organic Compounds:
mixtures of organic liquids

Aqueous Solutions of Inorganic Salts

Metal-Ammonia Solutions

Some Polyphenyls and Mixtures Thereof

Molten Salts

Influence of Environmental and Strucfural Factors

moao o

Conduction

Effect of Convection

Effect of Radiation
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The Soret Effect

Possible Effect of Molecular Orientation
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A. Theories for Electrically Nonconducting Liquids

B.

Empirical Equations for Electrically Nonconducting Liquids

C. Electrically Conducting Liquids: Molten Metals
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Page
vii
ix
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la
5a
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6a
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8a
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1la
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1la
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4, EXPERIMENTAL METHODS

A,

Electrically Nonconducting Liquids
Horizontal Plane Layer
Concentric Cylinder
Concentric Sphere

Hot-Wire

Thermal Comparator Method

Methods Applicable to Molten Metals
a. Longitudinal Heat Flow (Comparative)
b. Direct Electrical Heating Methods

pRroop

THERMAL CONDUCTIVITY OF GASES AND GAS MIXTURES

1. INTRODUCTION

2. EXPERIMENTAL METHODS

A.
B.

HOPOoOZErFrAS T EQEEOQ

The Cooling Method

The Hot Wire Method

a. Effect of Convection

b. Effect of Radiation

c. Effect of Temperature Jump

d. Effect of Finite Thickness of the Cell Tube

The Parallel Plate Method

The Concentric Cylinder Method

The Concentric Sphere Method

The Concentric Sphero-Cylinder Method
The Line Source Flow Method

The Hot Wire Thermal Diffusion Column Method
The Shock Tube Method

The Arc Method

The Ultrasonic Method

The Prandtl Number Method

The Dilatometric Method

The Thermal Comparator Method

The Frequency Response Technique

The Transient Hot Wire Method

The Unsteady State Method of Lindsay and Bromley

The Flow Methods

63
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3. THEORETICAL METHODS
A. Introduction
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Methods Based on Empirical Functions for
Binary Systems

Methods due to Lindsay and Bromley

Method due to Saxena and Tondon

Methods due to Hirschfelder, Curtiss, and Bird

Method due to Ulybin, Bugrov, and Il'in

Methods due to Cheung, Bromley, and Wilke

Method due to Mason and Saxena

Method due to Srivastava and Saxena

Method due to Mason and von Ubisch

Method due to Wright and Gray

Method due to Saxena and Gambhir

Method due to Gambhir and Saxena

Method Based on Kinetic Theory and other Data
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64
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NUMERICAL DATA
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1.

2.

6.

SCOPE OF COVERAGE
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AND TABLES
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CONVERSION FACTORS

NUMERICAL DATA ON THERMAL CONDUCTIVITY OF NONMETALLIC
LIQUIDS AND GASES (see pp. xxii to xxvi for detailed listing of entries
for each of the following groups of materials)

1,

2.

ELEMENTS
INORGANIC COMPOUNDS
ORGANIC COMPOUNDS

BINARY SYSTEMS

Monatomic - monatomic systems

Monatomic - nonpolar polyatomic systems
Nonpolar polyatomic - nonpolar polyatomic systems

Polar - nonpolar polyatomic systems

o aQwr

Polar - polar systems

TERNARY SYSTEMS

A. Monatomic systems

B. Monatomic and nonpolar polyatomic systems
C. Nonpolar polyatomic systems

D. Nonpolar and polar systems

QUATERNARY SYSTEMS
A, Monatomic systems

B. Monatomic and nonpolar polyatomic systems
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1. ELEMENTS

Figure and/or
Tabie No.

© o -1 e W =

el i =
W N =~ O

GROUPING OF MATERIALS AND
LIST OF FIGURES AND TABLES

Nume

Argon
Bromine
Chlorine
Deuterium
Fluorine
Helium
Hydrogen
Krypton
Neon
Nitrogen
Oxygen
Radon
Tritium

Xenon

2. INORGANIC COMPOUNDS

15
16
17
18
19
20
21
22
23
24

Ammonia

Boron Trifluoride
Hydrogen Chloride
Hydrogen lodide
Hydrogen Bulfide
Nitric Oxide
Nitrogen Peroxide
Nitrous Oxide
Sulfur Dioxide
Water

3. ORGANIC COMPOUNDS

25
26
27
28
29
30

Acetone
Acetylene
Benzene

i -Butane
n-Butane
Carbon Dioxdde

Symbol

Br;
cl

NH,
BF,
HCl
HI

HS
NO

NO;
N0

HLQ

(CHy)CO
CHCH
Cell,
i-CHy
n-C g
co,

3
S = solid, L = saturated liquid, V = saturated vapor, G = gas.

67

Physical
State®
S,L,V,G
- LV,G
-~ LV,G
- L V,G
- LV,G
S, L, -G
S,L,V,G
S,LV,G
s,L,V,G
5L V,G
- LV,G
- L VvG
- L - -
S,LV,G

-, LG, -
- -G, -
- -G, -
- -G, -
- -G, -

-'L.G._
- _.G' -
- L'G'_
_‘L.G' -

- LG, -
- =G, -
-, LG, -
- =G, -
-, L.G, -
- L,G, -~

Page No,

13
17
21
26
29
41
50
56
64
76

u7
4y

95

b9
101
103
104
106
108
114
116
120



3. ORGANIC COMPOUNDS (continued)

Figure and/or
Table No,

a1
32
33
34
35
36
a7
38
19
10
41
42
13
44
45
16
47
48
49
50
51
52
63
54
55
56
57

Name

Carbon Monoxide
Carbon Tetrachloride
Chloroform
n-Decane
Ethane

Ethyl Alcohol
Ethylene
Ethylene Glycol
Ethyl Ether
Freon 11

Freon 12

Freon 13

Freon 21

Freon 22

Freon 113
Freon 114
Glycerol
n-Heptane
n-Hexane
Methane

Methyl Alcohol
Methy! Chloride
n-Nonane
n-Octane
n-Pentane
Propane
Toluene

4. BINARY SYSTEMS

A. Monatomic - Menatomic Systoma

58
59
60
61
62
63
64
65
66
67

Argon and Helium
Argon and Neon
Argon and Krypton
Argon and Xenon
Helium and Neon
Hellum and Kryptoa
Helium and Xenon
Krypton and Neon
Krypton and Xenon
Neon and Xenon

® L =saturated liquid, G = gas.

Formula

CcO

ccly

CHCly
Ciota

CaH,

C,H OH
CH,CH,
CH,OHCHOH
(CqHy)90
CILCF
CLLCFy
CICF,
CLCHF
CICHF,
CCILFCCIFy
CCIFLCCIF,
CHfOHCHOHCH OH
Cyly

Celly

CH,

CHOH
CHCI

Cellyg

Collyy

CyHy;

CyHy
CqHgCHy

Ar and He
Ar and Ne
Ar and Kr
Ar and Xe
He and Ne
He and Kr
He and Xe
Kr and Ne
Kr and Xe
Ne and Xe

68

Physical
State™
LG
LG
LG
L,G
-G
L,G
L,G
L, -
L,G
LG
LG
-G
L,G
L,G
L,G
L, G
L, -
L,G
LG
L,G
L,G
L,G
LG
L,G
LG
L. G

251
268
264
287
271
276
280
284
288
291



4, BINARY SYSTEMS (continued)

B. Monatomic - Nonpolar Polyatomic Systems

Figure and/or
Table No.

C. Nonpolar Polyatomic - Nonpolar Polyatomic Systems

68
69
70
71
72
73
74
75
76
17
8
74
80
81
82
83
B4
85
86
87
88
89
a0
91

92
93
4
45
96
97
98

29
100
101

102
103
104
105
106
107
108
104
110

Name

Argon and Benzene
Argon and Carbon Dioxide
Argon and Deuterium
Argon and Hydrogen
Argon and Methape
Argon and Nitrogen
Argon and Oxygen

Argon and Propane
Helium and Air

Helium and n-Butane
Helium and Carbon Dioxide
Helium and Cyclopropane
Helium and Deuterium
Helium and Ethane
Helium and Ethylene
Helium and Hydrogen
Helium and Methane
Helium and Nitrogen
Helium and Oxygen
Helium and Propane
Helium and Propylene
Krypton and Deuterium
Krypton and Hydrogen
Krypton and Nitrogen
Krypton and Oxygen
Neon and Carbon Dioxide
Neon and Deuterium
Neon and Hydrogen

Neon and Nitrogen

Neon and Oxygen

Xenon and Deuterium
Xenon and ilydrogen
Xenon and Nitrogen
Xenon and Oxygen

Acetylene and Air

Air and Carbon Monoxide
Air and Methane

Henzene and Hexane

Carbon Dioxide and Ethylene
Carbon Dioxide and Hydrogen
Carbon Dioxide and Nitrogen
Carbon Djoxide and Oxygen
Carbon Dioxide and Propane

69

Formula

Ar and C¢Hg
Ar and COy
Ar and Dy
Ar and H,
Ar and CH,
Ar and Ny
Ar and Oy
Ar and Cg¢H,
He and Air
Heand C Hy
He and COy
He and CyH,
He and Dy
lle and CyHy
tie and CyH,
He and Hy
He and CH
He and Ny
He and O,
He and CyHg
He and CyHg
Kr and Dy
Kr and H;
Kr and N,
Kr and Oy
Ne and CO,
Ne and Dy
Ne and H,
Ne and N,
Ne and Oy
Xe and Dy
Xe and Hy
Xe and Ny
Xe and O,

C,H,; and Air
Air and CO
Afr and CH,
Cellg and CqHyq
CQ, and C4H,
COy and Hy
COy and Ny
CO, and O,
COy and CyH,

Physical
State*

QOO a0000000000000008000000000000000

Q Q0 Q0 000ae

Page No.

295
297
299
Joi
304
306
311
J16
318
420
Je2
325
327
329
3141
333
348
340
343
345
347
349



4. BINARY SYSTEMS (continued)

C. Nonpolar Polyatomic - Nonpolar Polyatomic Systems

Figure and/or
Table No.

111
112
113
114
115
116
117
118
119
120
121
122

Name

Carbon Monoxide and Hydrogen
Deutcrium and Hydrogen
Deuterium and Nitrogen
Ethylene and Hydrogen
Ethylene and Methane
Ethylene and Nitrogen
Hydrogen and Nitrogen
Hydrogen and Nitrous Oxide
Hydrogen and Oxygen
Methane and Propane
Nitrogen and Oxygen
Nitrogen and Propane

D. Polar - Nonpolar Polyatomic Systems

E. Polar - Polar

123
124
125
126
127
128
129
130
131
132
133
134
135
136

137
138
139

Acetonoe and Benzene
Ammonia and Air

Ammonia and Carbon Mounoxide
Ammonia and Ethylene
Ammonia and Hydrogen
Ammonia and Nitrogen
Ethanol and Argon

Ethanol and Propane
Methanol and Argon
Methanol and Hexane

Methyl Formate and Propane
Steam and Air

Steam and Carbon Dioxide
Steam and Nitrogen

Systems

Chloroform and Ethyl Ether
Diothylamine and Ethyl Ether
Ethunol and Methyl Formate

5. TERNARY SYSTEMS

A. Monatomic SBystems

140
141
142
14}
144
145

Neon-Argon-Krypion
Hellum-~Argon-Xcnon
Holium- Krypton-Xenon
lclum-Argon-Kryplon
llellum-Neon-Xenon
Argon-Kryplon-Xenon

—
G = gus.

(continued)
Formula

GO and Hy

D; and Hy

Dy and Ny
CyH, and Hy
CqH, and CH4
CyHg and Ny
Hy and N,

Hy and N;O
Hy and Oy
CH, and C3H,
N; and O

N3 and CyH,

C,tig0 and CyHy
NH, and Air
NH; and CO
NHj and Cgil,
NH, and I

NH,y and N,
C3HyO and Ar
C4Hy0 and C3H,
Cil O and Ar
CH,0 and CgH,,
C3H 0, and CzH,
H,0 and Air
H30 and COy
H;0 and N,

CHC], and C H 0
CHyNH and CHyO
C3HgO and CyH Oy

Ne-Ar-Kr
lle-Ar-Xo
He-Kr -Xe
lle-Ar-Kr
He-Ne-Xe
Ar-Kr-Xe

70

Physical
State*

G

o
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cooooo

Page No.

405
407
410
414
415

470
472
474



5. TERNARY SYSTEMS (continued)

B. Monatomic and Nonpolar Polyatomic Systems

Figure and/or
Table No.

146
147
148
149
150
151
152
153
154
155
156
157
158

Name

Helium -Oxygen-Methane
Argon-Oxypen-Methane
itelium-Argon-Nitrogen
Helium-Nitrogen-Methane
Argon-Krypton-Deuterium
Helium-Neon ~-Deuterium
Neon-Argun-Deuterium
Neon-Krypton-Deuterium
Neon-Hydrogen-Oxygen
Argun-Hydrogen-Nitrogen
Neon-Hydrogen-Nltrogen
Neon-Nltrogen-Oxygen
Argon-Krypton-Hydrogen

C. Nonpolar Polyatomic Systems

159
160

Nitrogen-Oxygen-Carbon Dioxide
Hydrogen-Nitrogen-Oxygen

D. Nonpolar and Polar Systems

161
162

Argon-Propane-Ethanol
Hydrogen-Nitrogen-Ammonia

6. QUATERNARY SYSTEMS

A. Monatomic Systems

163

Neon-Argon-Krypton-Xenon

B. Monalomic and Nonpolar Polyetomic Byatems

164
165
166
187
168
169

Argon-Krypton-Xenon-Hydrogen
Argon-Krypton-Xenon-Deuterium

Argon-Hydrogen -Deuterium -Nitrogen

Argon-Hydrogen-Nitrogen-Oxygen
Neon-Argon-tydrogen -Nltrogen

Argon-Xenon-Hydrogen-Deuterlum

7. MULTICOMPONENT SYSTEMS

170

Alr

¥
G = gaa.

71

Formula

He-Uy-CH,
Ar-0y-CH,
He-Ar-N,
He-Ng-Cll,
Ar-Kr-Dy
He-Ne-~Dy
Ne-Ar-Dy
Ne-Kr-Dy
Ne-Hy-Oy
Ar-Hy-N,
Ne-H3-Ny
Ne-Ny-Oy
Ar-Kr-H,

N;-0y-COy
Hy-N, -0,

Ar -C‘H‘-CQH.O
Hy-Ng-NH,

Ne-Ar-Kr-Xe

Ar-Kr-Xe-H,
Ar-Kr-Xe-Dy
Ar-Hy-Dy-Ny
Ar-Hy-Ny-Op
Ne-Ar-H;-N;
Ar-Xe-Hy-Dy

I’hygical
Statc*

G

[

000000000000

O00000

Page No,

84
445
LLIN
487
483
ELE]
490
491
492
493
494
485
496

447
494

499
200

512



VOLUME 4. SPECIFIC HEAT - METALLIC ELEMENTS AND ALLOYS

CONTENTS

Page

FOREWORD vii
PREFACE ix
INTRODUCTION TO VOLUME 4 Xiv
GROUPING OF MATERIALS AND LIST OF FIGURES AND TABLES xviii

THEORY, ESTIMATION, AND MEASUREMENT

NOTATIONS la
THEORY OF SPECIFIC HEAT OF SOLIDS 3a
1. INTRODUCTION 3a

2, DEFINITIONS 3a

3. DULONG AND PETIT'S LAW 4a

4. EINSTEIN'S SPECIFIC HEAT THEORY 6a

5. DEBYE'S SPECIFIC HEAT THEORY 8a

6. ELECTRONIC SPECIFIC HEAT 10a

7. MAGNETIC SPECIFIC HEAT 11a

8. LOW TEMPERATURE SPECIFIC HEAT 13a

9. NORMAL AND SUPERCONDUCTING MATERIALS 15a
OTHER MAJOR SOURCES OF DATA 16a

METHODS FOR THE MEASUREMENT OF THE SPECIFIC HEAT OF SOLIDS 19a

1. INTRODUCTION 19a
2. NERNST TYPE ADIABATIC VACUUM CALORIMETER 20a
3. MODIFIED ADIABATIC CALORIMETER 20a
4. DROP ICE CALORIMETER 21a
5. DROP ISOTHERMALWATER CALORIMETER 22a
6. DROP COPPER BLOCK CALORIMETER 23a
7. PULSE HEATING METHOD 23a
8. COMPARATIVE METHOD 24a

REFERENCES TO TEXT 26a

72



NUMERICAL DATA

DATA PRESENTATION AND RELATED GENERAL INFORMATION

1.
2.

N e

NUMERICAL DATA ON SPECIFIC HEAT OF METALLIC ELEMENTS AND
ALLOYS (see pp. xviii to xxiii for detailed listing of entries for each of

SCOPE OF COVERAGE
PRESENTATION OF DATA

SYMBOLS AND ABBREVIATIONS USED IN THE FIGURES AND
TABLES

CONVERSION FACTORS FOR UNITS OF SPECIFIC HEAT
CLASSIFICATION OF MATERIALS
CONVENTION FOR BIBLIOGRAPHIC CITATION

CRYSTAL STRUCTURE, TRANSITION TEMPERATURES, AND
OTHER PERTINENT PHYSICAL CONSTANTS OF THE
ELEMENTS

the following groups of materials)

1,

2
3.
4

ELEMENTS
NONFERROUS BINARY ALLOYS
NONFERROUS MULTIPLE ALLOYS
FERROUS ALLOYS

A. Carbon steels group I

B. Carbon steels group I

C. Alloy steels group I

D. Alloy steels group II

REFERENCES TO DATA SOURCES

MATERIAL INDEX

MATERIAL INDEX TO SPECIFIC HEAT COMPANION VOLUMES
4, 5, and 6

73

Page
31a
3la
3la

32a
32a
34a
36a

36a

291
511
619
619
623
626
678

741

Al



GROUPING OF MATERIALS AND
LIST OF FIGURES AND TABLES

1. ELEMENTS

Figure and/or

Table No. Name Symbeol Page No,

Aluminum 8 1

Antimony 3

W N

Arsenic 7

Barjum Ba . . . . L 0 0 0 s e e e e e e e e 13
Beryllium 2 16
Bismuth Bi s e e e et e e e e s e e e e e 21
Boron B v e v e e w6 e e e e e e e e e 25
Cadmium Cd . . 4 . . . e e e e e e e e e 29
Calcium CB & 6 ¢ ¢ 4 e o e o s e e s e e e e 32

W o =~ ;mop

[
[~

Cerium CB ¢ ¢ ¢ . i s e e e e e s e e e e o« o« 3

o
-

Cesium L1 e /]

o
[~

Chromium L o T 44
Cobalt CO v & v v i e e e e e e e e e e e e 4H
Copper CU v v v e v v o o s s e e e e e e 51

b e P
o o W

Dysprosium Dy o o o 0 v e v et i e e e e e e 62

[
»

Erbium Ef  + & « v = + + o + « e 4 s % 4 a2 e . b5

-
-

Europium BUu & .t o s e e e e e e e e e e [].]
Gadolinium e T2
19 Gallium Gy e e e e e e e e e e e e e e e e e 75

(S
= 4

20 Germanium GE 4 b i i e e e e e e e e e e e e e T9
21 Gold Au e e e
22 Hafmium 1 a7
24 Holmium Ho .+ « . & ¢ v v ¢ v e+ 4 e e e e e . 90
24 Indium In P T T 95
25 Iridium Ir e e e e e e e e e s s e e e e e 9y
26 Iron

27 Lanthanum
28 Lead

29 Lithium

a0 Latetium

© e e e e e e s 4 e s e e e e e e 102
T T T 110
S 113
S 117
T 121

31 Magnesium

T ¥ )

33 Mercury e e e e a e e e e e e e e e e e 121
e e e e e e s s e e e s e s e e e 135
v e e e e e e e e e e e e e e e e 140

O © k]

34 Molybdenum
35 Neody miwn
a6 Neptunium
37 Nickel

JH Nioluin 153
Bt} Osmium OB v v v 0 L e e e e e e e e e e 157
40 Palladium e 160

Fe
La
Ph
Li
Lu
My
92 Mangunese MRD . . . L 0 e e e e e e e e e e e 27
lig
Mo
Nd
Np
Ni

T £ 1]

74



1,

2,

ELEMENTS (continued)

Figure and/or
Table No,

41
42
43
44
45
46
47
48
49
a0
51
52
53
54
55
56
57
58
69
60
61
62
63
64
65
66
617
68
69
70

Name

Platinum
Plutonium
Potassium
Praseodymium
Rhenium
Rhodium
Rubidium
Ruthenium
Samarium
Scandium
Selenium
Silicon
Silver
Sodium
Strontium
Tantalum
Tellurium
Terbium
Thalllum
Thorium
Thullum
Tin
Titanium
Tungsten
Uranium
Vanadium
Yuterbium
Yttrium
Zinc

Zirconium

NONFERROUS BINARY ALLOYS

Figure and/or
Table No.

71
T2
73
74
75
76
ki
T8
79
80
51

Name

Bismuth + Lead

Cadmjum + Magnesium, MgCd
Cadmium + Magnesium, MgyCd
Cadmium + Magnesium, MgCd,
Chromium + Aluminum
Chromium + Iron

Chromium + Munganesc
Cobalt + Dyeprosium

Cobalt + Iron

Cobalt + Nickel

Copper + Aluminum

Symboi
Pt .
Pu .
K .
Pr
Re .
Rh .
Rb .
Ru .
Sm .
Sec .
Se .
St .
Ag .
Na .
Sr .
Ta
Te .
™ .
T .
Th .
Tm .
Sa .
T .
w .
u .
v .
Yb .
Y .
Zn
Zr .

Formula

Bi + Pb

Mg + Cd

Mg, + Cd

Mg + Cd,

Cr + Al

Cr + Fe

Cr + Mn

Co + Dy

Co + Fe

Co + Ni

Cu + Al

75

Page No.

163
167

Puge No.,

291
254
287
300
304
307
31
314



2,

NONFERROUS BINARY ALLOYS (continued)

Figure and/or
Table No.
82
83
84

85
86
87
88
89
20
91
92
93
94
95
46
97
a8
99
100
102
102
103
104
105
106
107
108
109
110

112
113
114
115
116
117

119
120
121
122
123
124
125
126
127
128

Name

Copper + Gallium
Copper + lron

Copper + Magnesium
Copper + Manganesc
Copper + Nickel
Copper + Zinc

Gold + Nickel

Hafnium + Zirconjum
Indium + Tin

Lead + Tin

Lithium + Magnesium
Magnesium + Silicon
Manganese + Aluminum
Manganese + Copper
Manganese + Nickel
Molybdenum + Titanium
Molybdenum + Tungsten
Nickel + Aluminum
Nickel + Chromium
Nickel + Copper

Nickel + Iron

Nickel + Magnesium
Nickel + Manganese
Nickel + Silicon

Nickel + Tungsicn
Nickel + Zinc

Niobium + Zirconium
Palladiwm + Sllver
Potassium + Sodjum
Sodium + Polassiun
Tantalum + Tungsten
Thallium + Lead, PbTi,
Tin + Bismuth

Tin + lndium

Tin + Lead

Tin + Magnesium
Titanium + Manganese
Titaniuin + Molybdenum
Tungsten 1 Cobalt
Tungsten + lron
Vanadjum + Aluminum
Vanadium + Antiinony
Vanadium + lron
Vunadium + Tin
Vanadium + Titanium
Zing + Copper

Zine + Magnesium

Formula

Cu + Ga
Cu + Fe
Cu + Mg
Cu + Mn
Cu + Ni
Cu + Zn
Au + Ni

Hf +

Zr

In + 8n
Pb + 8n

Li +

Mg

Mg + Si
Mn + Al
Mn + Cu
Mn + Ni
Mo + Ti
Mo + W

Ni +
Ni +
Ni +
Ni
Ni

+
Ni +
+

+

Al

Cr
Cu
Fe
Mg
Mn
8i

Page No.

327
4491
435
448
341
3446
463
156
359
362
466
3G
372
417
380
389
11
ELE]
492
BEL]
404
107
410
413
416
41Y
422
425
428
411
444
447
449
44y
440
449
453
456
459
462
69
168
171
474
4717
440
443



2. NONFERROUS BINARY ALLOYS (continued)

Figure and/or
Table No,

129
130
131
132
133
134
135
136

Name

Zinc + Zirconium
Zirconjum + Indium
Zirconium + Iron
Zirconium + Niobium
Zirconium + Silver
Zirconium + Tin
Zirconium + Titanium
Zirconium + Uranium

3. NONFERROUS MULTIPLE ALLOYS

137
138
139
140
141
142
143

144

145
146
147
148
149
150

151

152

153

154

156
157
158
159
160
161
162
163
164
165
166
167

Aluminum + Copper + IX;
Alumigum + Zinc + X
Chromium + Alumjnum + IX;
Chromium + Iron + IX;
Cobalt + Chromium + XX,
Copper + Chromium + D{l

Copper + Magnesium +
Ajumjnum, MgCuy xAly

Copper + Magnesjum +
Silicon, MgCuy,,Six

Magnesium + Aluminum + IX;
Magnesium + Thorium + D{l
Magnesium + Zinc + IX;
Molybdenum + Titanium + IX;
Neptunium + Calclum + EX;
Nickel + Chromium + EX;

Nickei + Chromium + IX;
Nickel + Chromium + EXj
Nickel + Chromium + X

Nickel + Copper + LX,
Nickel + Iron + IX;

Nickol + Manganese + X
Nickel + Molybdenum + XX,
Niobium + lron + X
Niobium + Molybdenum + D(l
Niobium + Tanialum + IX;
Nioblum + Titanium + IX;
Niobiuin + Tungsten + IX;
Plutondum + Cerium + D(l
Tantajum + Niobium + LX;
Tantajum 1 Tungsten + Xy
Tltanium + Aluminum + EX;
Titanjum + Chromium + IX;

Formula

Zn + Zr .
Zr + In .
Zr + Fe .
Zr + Nb .
Zr + Ag .
Zr + Sn .
Zr + Ti .
Zr+ U .
Al + Cu + IX
Al + Zn + XX
Cr + Al + £X

Cr + Fe + IX;
Co+ Cr + D(l
Cu + Cr + IX;

Cu + Mg + Al

Cu + Mg + Si
Mg + Al + D{l

Mg + Th + XX, .

Mg + Zn + IX;

Mo + Ti + IX;
Np + Ca + EX;

Nl + Cr + IX;
(9=Ccr=11)

Ni+ Cr + IXj
(15=Cr=16)

Ni + Cr + IX;
{18<Cr=20)

Ni + Cr + D(l
{Cr>20)

Ni + Cu + DX
Ni + Fe + IX;
Ni + Mn + IX|
Ni + Mo + XX
Nb + Fe + IX;

Nb + Mo + EX,

Nb + Ta + IX;
NbL + Ti + IX
Nb + W + IX;
Py + Ce + IX;
Ta+Nb+D(|
Ta + W + X
Ti+ Al + ZX;
Ti + Cr + IX;

77

580
543
546
5hy
592
596
59y
601



3.

NONFERROUS MULTIPLE ALLOYS (continued)

Figure and/or
Table No.
168
169
170
171
172

Name

Titanjum + Iron + Cabalt
Titanium + Vanadium + ZX,
Zirconjum + Iron + D(l
Zirconium + Hafnium + IX;
Zirconium + Uranium + IX,

FERROUS ALLOYS

A. CARBON STEELS GROUP 1

173

Iron + Carbon + IX;

B, CARBON STEELS GROUP 1

174

Iron + Carbon + IX;

C. ALLOY STEELS GROUYP 1

176
176
177

178

178
180
181
182
183

184
185
188
187
188
189

Iron + Alumitum
Iron + Antimony
Iron 4 Chromlum

Iron + Chromium

Iron + Chromjum + Manganese
Iron + Cobalt + IX;

Iron + Copper + IX|

Iron + Mangenese + LX;

Iron + Manganese + IX;

Iron + Manganese + Carbon
Iron + Nickel + IX;

Iron + Nickel + Carbon
Iron + Bllicon + IX;

Iron + Tin

Iron + Titanium

D, ALLOY S8TEELS GROUP I

190
191
192
193

Formula

Ti+ Fe+Co . . . .
T+V+IX . . . .
Zr+Fe+ IX; . ., . .
Zr+ H4+ IX, . . .

Lr+U+ KX, ., .

Fe+C+ XX . . .,
{C< 2, 00)

Fe+C+XIX . . ..
{c<2.00)

Fo + Al
Fe+ S

Fe+Cr . . . . .
(8<Cr< 26)

Fe+Cr . . . .
{26<Cr< 50)

Fe+Cr+Mn . . . .
Fe+ Co+ IX; .

Fe+ Cu+ IX, . .
Fe+ Mn+ IX . .

Fe + Mn + Dﬁl
(10<Mn£50)

Fe+Mn+ C
Fe + Ni + ZX; .
Fo +N1+C .- .
Fe + 81 + LX)
Fe + Bn .
Fe + Ti

AISI 420, Iron + Chromium + IX; Fe + Cr + IX .
A8l 430, lron + Chromium + IX; Fe + Cr + IX; .
AlS] 446, Iron + Chromium + ZX; Fe+ Cr + X .

Iron + Chromlum + Manganesc +
Xy

Fo+ Cr+ Mn+ IX .
{Cr <5. 0)

8

Page No,

Gu4
607
610
613
616

819

623

626
629
632

635

638
641
644
647
650

678
681
604

687



4. FERROUS ALLOYS (continued)

D, ALLOY STEELS GROUP I (continued)

Figure and/or
Table No.

194

195

196

187

198

199

200

201

202

203

204

205
206
207
208
209
210

Name
fron + Chromium + Manganese + ILX;

AISI 301, Iron + Chromium +
Nickel + IX;

17-7 PH, Iron + Chromium +
Nicksel + D(‘

Iron + Chromium + Nickel + ZX;

AISI 305, Iron + Chromium +
Nickel + IX,

AIS] 310, Iron + Chromjum +
Nickel + IX;

AJSI 316, Iron + Chromium +
Nickel + IX;

AISI 347, Iron + Chromium +
Nickel + IX;

Crucible HMN, Iron + Chromium +
Nickei + IXj

Iron + Chromjum + Nickel + D{i

El 257, Iron + Chromium +
Nickel + D(,

Iron + Manganese + XX

Iron + Nickel + IX;

Iron + Nickei + Chromlum + IX;
Iron + Silicon + IX;

Iron + Titanjum + IX;

Iron + Tungsten + IX;

Fe + Cr+ Mn + IX; .
(14<Cr<27)

Fe + Cr + Ni + IX;
l-‘e+Cr+Nl+D(1 .
Fe+Cr + Ni+ IX; .
(17-20 Cr, 8-14 ﬁn)
Fe+Cr+Nl+D(‘ .
Fe+ Cr+ Ni+ IX; .
Fe + Cr + Ni + IX;
Fe+Cr+Nl+D(i
Fe + Cr + Ni + IX; .
Fe+Cr+Nl+m}

(15-16 Cr, 4-5 Ni

Fe + Cr + Ni + IX;

Fe + Mn + IX; .
Fa + N1 + IX; .
l“e+Nl+Cr+Exl .
Fe + Si + IX; .
Fe + Ti + IX,
Fe + W + X,

79

Page No.
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693
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705
708
711

714
117

740
TS
726
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1, ELEMENTS

Figure and/or
Table No.

1
2A
2B

2, OXIDES

o 0o 2 o,

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
BV
43
34
35

GROUPING OF MATERIALS AND
LIST OF FIGURES AND TABLES

Name

Boron

Carbon (Diamond)
Carbon (Graphite)
Iodine
Phosphorous
Sulfur

Aluminum Oxide
Diantimony Tetraoxide
Diantimony Pentaoxide
Arsenic Sesquioxide
Diarsenic Pentaoxide
Barium Oxide
Berylliwin Oxide
Bismuth Scsquioxide
Boron Sesquioxide
Cadmium Oxide
Caletum Oxide
Cerium Dioxide
Cerium Sesquioxide
Chromium Sesquioxide
Cobalt Monoxide
Tricobalt Tetraoxide
Copper{ous) Oxide
Copper(ic) Oxide
Dysprosium Oxide
Erbium Oxide
Europium Oxide
Gadoilinium Oxide
Galiium Oxide
Germanium Dioxide
Hainiumn Dioxide
Holmium Oxide
Iron{ous) Oxide
Iron(ic) Oxide

Triiron Tetraoxide
Lanthanum Oxide

Symbol

g =00

Formula
AlyOy
§hy0y
Sh,0y
AgyOy
48,05
Ba0O
BeO
Biy0Oy
B0y
Cdo
Ca0Q
Ce0,
Cey04

Cry0y
CoO

Coy0y
Cun,0
CuO
Dy, 04
Er,0y
Eu,0y
Gd,04
Gay0y
GeO,
1if0,
Ho,04

Feg, 310

e 203
I'e :04
LZI.zOg

83

Page No.

@ e e

18
21

25
30
33
36
39
42
45
48
51

o7
60
64
67
70
73
76
80
83
86
LE]
92
95
98
101
104
107
110
114
1ig



2, OXIDES {continued)

Figure and/or
Tabie No.

36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
65
o6
57
58
59
60
61
62A
62B
82C
62D
63
64
65
€6
67
68
69
70
71
72
73
74
75
76
1
78

Name

Lead Oxide

Lead Dioxide

Lead Sesquioxide
Trilead Tetraoxide
Lithjum Oxide
Latetium Sesquioxide
Magnesium QOxide
Manganese Monoxide
Manganese Dioxide
Manganese Sesquioxide
Trimanganese Tetraoxide
Mercury(ic) Oxide
Molybdenum Dioxide
Molybdenum Trioxide
Neodymium Oxide
Neptunium Dioxide
Nickel Oxide

Niobium Monoxide
Niobium Dioxide
Diniobjum Pentaoxlde
Potassjum Superoxide

Hexapraseodymium Undecaoxide

Plutonium Dioxide
Samarium Oxide
Scandium Oxide
Silver Oxide

Silicon Dioxide (Quartz glass)
Silicon Dioxide (Quartz crystal)
Silicon Dioxide {Cristobalite)

Silicon Dioxide (Tridymite)
Sodium Oxide

Sodium Peroxide

Sodium Superoxide
Strontium Oxide
Ditantalum Pentaoxide
Tellurium Dioxide
Thorium Dioxide

Tin Monoxide {Stannous oxide)

Tin Dioxide (Stannic oxide)
Titanium Monoxide
Titantum Dioxide
Titanlum Sesquioxide
Trititanlum Pentaoxide
Tungsten Trioxide
Uranium Dioxide

Uranium Trioxide

Formula

PbO
Pho,
Phy0y
Pb4O,
Li,0
LayOy
MgO
MnO
MnO,
Mn;0y
Mn,0,
HgO
MoO,
MoOy
Nd;0,
NpO,
NiO

NbO,
Nb; Oy
KO,
PreOy
Puo,
S5m0y
5¢,04
Agy0
510,
8io,
510,
810,
NajO
Na,0,
NaO,
Sro
Ta,0p
TeO,
ThO,
SnO
Sn0y
‘T10
TiO;
Ti;0y
Tiy0p
WO,
Uo,
UOy

84

Page No.

122
125
128
131
134
137
140

148
151
154
157
160
163
168
169
172
175
178
181
184

150
193
186
149
202

210
21y
216
219
222
225
224
211
234
237
240
243
2468
250
253
256
259
262



2, OXIDES (continued)

Figure and/or
Table No.
k')
80
81
82
83
84
85
86
87
88

3. ANTIMONIDES

a9

81

4. ARSENIDES

92
93

6. BERYLLIDES

94
95
96
97
98
99
100

6. BORIDES

101
102
103
104
105
106
107

Name

Triuranium Octaoxide
Tetrauranium Nonaoxide
Vanadium Monoxide
Vanadium Sesquioxide
Divanadium Tetraoxide
Divanadium Pentaoxide
Yuterblum Oxide
Yttrium Oxide

Zinc Oxide

Zirconium Dioxide

Aluminum Antimonide
Galllum Antimonide
Indium Antimonide

Gallium Arsenide
Indium Areenide

Dihafnium 21-Beryllide
Mo'ybdenum Dodecaberyllide
Niobium Dodecaberyllide
Tantalum Dodecaberyllide
Ditantalum 17-Beryllide
Titanijum Dodecaberyllide
Zirconium 13-Beryllide

Chromium Monoborlde
Chromlum Diboride
Hafnium Diborlde
Magnesium Diboride
Magnesium Tectraboride
Molybdenum Diboride
Dimolybdenum Boride

Formula

U0y .
UGy .
vOo .
V10,

VO, .
Vi .
YbyOy .
Y0, .
Zn0 .
Zro; .

Alsb .

InAs

HfyBe,, .
MoBeg.
NbBeg, .
TaBey .
TazBey
TiBo

ZrBey .

CrB
CrBy .
HiBy .
MgB, .
MgBg .
MoB,

85

Page No,

265
269
272
275
278
281
284
287
290
293

297
300
303

307
410

313
316
419
322
325
j28
Ja1

335
KNL)
341
345
348
352
355



6.

1.

BORIDES (continued)

Figure and/or
Tabie No,
108
109
110
111
112
113
114
115

117
118

CARBIDES

119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

139
140
141
142
143

14
145
146

Name

Molybdenum Boride

Formuia

MoB

Niobium Boride (Nonstoichiometric) NbB, .

Niobium Diboride
Tantalum Diboride
Tantajum Boride
Thorium Tetraboride
Titanium Diboride
Tungsten Boride
Ditungsten Boride
Ditungsten Pentaboride
Zirconium Diboride

Alumijnum Carbide + IX;
Diberyllium Carbide + IX;
Tetraboron Carbide
Caiecfum Dicarbide
Trichromium Dicarbide
Pentachromium Dicarbide
Tetrachromium Carbide
Heptachromium Tricarbide
Hafnium Carbide

Triiron Carbide

Trimanganese Aluminum Carbide

Trimanganese Zine Carbide
Trimanganese Carbide
Dimolybdenum Carbide

NbB; .
TaB, .
TaB .
ThBy .
TiB,

WB .
w.B .
WiRp .
ZrB; .

BesC + m‘

BC .
CaC, .
Crf, .
CrgCy .
Crl .
CrCy .
HfC .,
Fell .
MnyAlC

MnyZnC

MnC .
Mol .

Niobium Carbide (Nonstoichiometric) NbCy

Niobium Carbide
Plutonium Carbide
Silicon Carbide
Tantalum Carbide

Thorium Carbide
{Nonstoichiometric)

Titanium Carbide
Tungsten Carbide
Uranium Carbide
Uranium Dicarbide

Uranium Carbide
(Nonstoichiometric)

Diuranium Tricarbide
Vanadium Carbide
Zirconium Carbide

86

NbhC
PuCc .,
Sic .
TaC .

ThC, .
TIC .
we .
uc .
uc; .

UC,
ULy .
ve .
ZrC .

Page No.

358
361
J65
368
372
375
378

385
388
391

395
399
402
405
408
411
414
417
420
424
427
430
433
436
439
1442
445
448
451

454
457
460
463
466

469
472
475
478



8.

9.

10.

11,

12,

GERMANIDES

Figure and/or
Tabie No.

147

iODIDES

148
148
150
151
152
153
154

156
157

PHOSPHIDES

158
159
160

SELENIDES

161
162
163
164
165
166
167
168
169
170

SILICIDES

171
172
173
174
175

Name

Dimagnesium Germanide

Antimony Suifur lodide
Arsenic Triiodide
Cadmium Diiodide
Cesium lodide

Lead Dilodide
Potassium lodide
Rubidium lodide
Sodlum lodide
Titanium Tetraiodide
Uranium Tetraiodide

Aluminum Phosphide
Gallium Phosphide
Indium Phosphide

Iron Diselenide

Iron Selenide (Nonstoichiometrlc)

Heptairon Octiaselenide
Triiron Tetraseienide
Manganous Sclenide
Mereury Seienide

Formula

Mg,Ge

8hsi
ABl’
Cd];

AlP
Gap
InP

FeSey
Fe,Se
FeqSey
FeySeq
MnSe

HgSe

Nickel Selenide (Nonstoichiometric) N1, Se

Nickel Diselenide
Disilver Selenide

NiSey
AgySe

Sllver Selenide (Nonstoichiometrlc) Ag,Se

Trichromium Silicide

Pentachromium Trisilicide

Chromium Silicide
Chromium Disilicide
Cobalt Silicide

CrySl
CrgBi,y
Ccrsi
CrSl,
CoSi

87

B

Page No.

481

485
488
491
494
447
600

506

517
520
523

527
830
533
536
539
42
545
549
553
556

569
562
685
568
871



12,

13,

SILICIDES (continued)

Figure and/or
Table No.

176

177
178
179
180
181

182
183
184
185
186
187
188
189
190
191
192

193
194
195

SULFIDES

196
197
198
199
200
201
202
203
204
206
206
207

208
209
210
211
212
213
214
216
215
217
218

Name

Germanium Siliclde
{Nonstoichjometric)

Iron Silicide
Pentalron Trisilicide
Trilron Silicide
Trimanganese Bilicide

Manganese Silicide
{Nonstoichlometric)

Molybdenum Disilicide
Trimolybdenum Silicide
Tantalum Disilicide
Titanium Silicide
Titanium Disilicide
Pentatitanium Trisilicide
Tungsten Disilicide
Triuranium Silicide
Uranium Trisilicide
Uranium Disilicide

Triuranium Disilicide +
Triuranium Monoailicide

Trivanadium Silicide
Vanadium Disllicide
Pentavanadium Trisilicide

Diantimony Trisulfide
Arsenic Sulfide
Diargenic Trisulfide
Barjum Bulfide
Dibismuth Trisulfide
Cadmium Sulfide
Calclum Sulfide
Cerlum Sulfide
Dicerfum Trisuliide
Copper Sulllde
Dicopper Sulfide

Diindium Sulfide
(Nonstolchlometric)

1ron Sulfide (Nonstoichiometric)
Iron Sulfide

Iron Disuliide

Lead 8uifide
Manganose Sulfide
Mercury Bulfide
Molybdenum Disulfide
Nickel Sulfide
Trinickel Disulfide
Platinum Sulfide
Platinum Disulfide

88

Formula

G"'xSiy .

FeSji
FegSly
FeySi
MnySi

Mnsi
MoSi,
MoySi
TaSiy
TISi
TiSly
TigSly
W3i,
U,gSi
USI,
Usiy

UsSIy + USt

Vssi
VS,
VgSly

8byS,
AsS
AsgS,
BaS
BlsS,
Ccds
CaS
CeS
Ceply
Cu$
Cug8

IngSy
Fe,8
Fefi

Fa8,;

MnS
HgS

NiS
NigS,
PiS
Pts,

.

Page No,

630
6.8
G41
644
647
650
653
666
G659
462

BGO

Gy
GV
674
Y3
681
684
687
690
693
696
699
702



13,

14.

15,

16,

SULFIDES (continued)

Figure and/or
Table No.
218
220
221
222

TELLURIDES

223
224
225
226
227
228
229

230
231
233
2334
235
238

BROMIDES

CHLORIDES

Name

Silver Sulfide (Nunstoichiometric)
Strontium Sulfide

Strontium Disulfide

Zinc Sulfide

Dibismuth Tritelluride

Cadmium Telluride

Digallium Tritelluride

Iron Telluride (Nonstoichiometric)
Iron Ditelluride

Manganous Telluride

Nickel Telluride
{Nonstoichiometric)

Nickel Ditelluride
Palladium Telluride
Palladium Ditelluride
Platinum Telluride
Platinum Ditelluride
Disilver Telluride

Silver Telluride
{Nonstoichiometric)

Cadmium Dibromide
Copper Bromide
Potassium Bromide
Rubidium Bromide
Sodium Bromide
Strontium Bromide
Titanium Tribromide
TIltanium Tetrabromide

Barjum Dichloride

Barjum Dichloride Dihydrate
Cadmium Dichloride
Calclum Dichloride

Cesium Chloride

Chromium Dichloride

Formuia

AgS
SrS
SrS,
ZnS

BiyTey .

CdTe

GayTey .

Fe,Te
FETEz
MnTe

NiTe,
NiTe,
PdTe

PdTe,
PtTe

PtTe,
Ag,pTe

Ag,Te

.

.

>

CdBrz .

CuBr
KBr
RbBr
NaBr
SrBr
TiBry
TiBr,

BaCl,

CdCl,
CaCly
CsCl

CrCly

89

BaCly - 211,0 .

Page No,

705
708
711
714

759
62
765
769
72
7%
78
781

745
788
791
794
97
800



16.

17.

CHLORIDES (continued)

Figure and/or

Table No.

251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
200
281
282
283
284
285

FLUORIDES

286
287
248
289
2%
2Y1
292
293
294
295

Name

Chromlum Trichloride

Cobalt Dichloride

Cobalt Dichloride Hexahydrate
Copper Dichloride

Copper Dichloride Dihydrate
Dysproslum Trichloride Hexahydrate
Erblum Trichloride Hexahydrate
Gadolinjium Trichloride Hexahydrate
Holmium Trichloride Hexshydrate
Iron Dichloride

Lithium Chloride

Magnesium Dichloride

Magneslum Dichloride Monchydrate
Magneslum Dichloride Dihydrate
Magunesium Dichloride Tetrahydrate
Magneslum Dichloride Hexahydrate
Manganese Dichloride

Manganous Dichloride Tetrahydrate
Neodymium Trichlorlde Hexahydrate
Nlckel Dichlorlde

Nickel Dichloride Hexahydrate
Phosphorus Trichloride

Potassium Chloride

Rhenium Trlchloride

Sllicon Tetrachlorlde

Sllver Chloride

Sodium Chloride

Strontium Dichlorlde

Tltanium Trichloride

Uraniwn Trichlorlde

Uranium Tetrachloride

Vanadium Dichloride

Vanadium Trichlorlde

Zlnc Dichloride

Zlrconium Tetrachloride

Aluminum Trifluorlde

Barium Difiuorlde

Berylliun Difluorlde

Calcium Difluoride

Cerlum Trifluoride

Cesium Monohydrogen Difluoride
Colm{t Diftuoride

Hafnium Tetrafluoride

Iron Difluoride

Lithium Fluorlde

90

Farmula
CrCl,

CoCl; . .
CoCly « 6HO
CuCl; .
CuCl, * 2H,0
DyCl, - 6H,0
ErCl; - 6H,0
GdCly * 6H,0
HoCl, + 6H,0
FeCly, . .
LicCl .
MgCl, . .
MgCl,+ Hy0
MgCly - 2H,0
MgCl, - 4H,0
MgCl, - 6H0
MnCly
MnCl; - 4H,0
NdCl, - 6H,0
NICl, . .
NICl, - 611,0
PCl,

KCl1 ..
ReCly . .
SICl
AgCl N
NaCl

SCly . .
TICY; . .
UCl, . .
UClg .
vci .
VCly

ZnCl,

ZrCly
AlFy

BaF, .
BeF, ..
Caly

Cely . o
CsH¥, . .
CoF,

HiF,

FeFy .o
LiF .«

Page No.

803
806
B0Y
412
815
818
822
826
829
832
835
838

844
847
850
853
856
859
86
866
864

902
905
904
911

915
14
21
924
027
uil
034
437
940
943



17,

18,

FLUORIDES {cuntinued)

Figure and/ur
Table No.

296
297
298
299
300
301
302
303
304
305
306
307
Jos
309
310
31l
312
313
314
315
316
317
318
319
320
321
322
323

LYDRIDES

324
325
326
327
328
329
330
31
KXY
334
334

Name

Trilithium Aluminum llexafluoride
Dilithjum Beryllum Tetrafluoride
Lithlum Monochydrogen Difluoride
Magneslum Difluoride

Manganese Difluorlde

Molybdenum Hexafluoride

Nlckel Fluosilicate Hexahydrate, A
Nickel Fluosllicate Hexahydrate, B
Nickel Difluorlide

Niobjum Pentafluoride

Potassium Fluorlde

Potassium Hydrogen Difluoride
Rubidium Fluoride

Rubidium Monohydrogen Difluoride
Sllicon Tetrafluoride

Sodium Fluoride

Trisodium Aluminum Hexafluoride
Sodium Monohydrogen Difluorlde
Stronthwn Difluoride

Thallum Monohydrogen Difluoride
Thorlum Tetrafluoride

Titanium Tetrafluoride

Uranium Tetrafluorlde

Uranium Hexafluoride

Vanadium Trifluoride

Xenon Tetrafluoride

Zinc Difluorlde

Zirconium Tetrafluoride

Germanfum Tetrahydride
Lithium liydride
Ditantalum Hydride

Titanlum Hydride (Nonstoichlometric)

Titanlum Dihydride
Uranium Trihydride

Vanadium Hydride (Nonstoichlometrle)

Yttrium Dihydride
Yitrium Trihydride
Yttrium Dideuiride
Yttrium Trideutride

Formuia

LiAlF,
Li;BeF,
LiHF,
MgF,;
MnFy
MoFy
NiSiFyg
NiSiFg *
NiF,
NbFg
KF
KHF,
RbF
RbHF,
SiFy
NaF
NayAlFy
NaHF;
SrFy
TIHF,
ThF
TIFy
UF,
UFg
VF,
XeFy
ZnF;
ZrFy

Geliy
Lil
TagH
TiH,
T1H;
UH,
VH,
YH,
YH,
YD,
YD,

Zirconlum Hydrlde (Nonstoichiometric) Zril,

Zirconlum Dihydride

Zl‘“z

91

Page No,

M1
950
953
956
959

266
970
973
976
979
982
9485
988
991
994
9y7
1000
1003
1006
1009
1012
1015
1018
1021
1024
1027
1030

1033
1036
1040
1044
1047
1060
1053
1056
1059
1062
1066
1069
1072



19,

20.

21.

22

NITRIDES

Figure and/or
Table No.
337
338
339
340
341
342
343
344
345
346

CARBONATES

348
349
350
351
352
353
354
355
356
357

Name

Aluminum Nitride
Boron Nitride

Hafnium Nitride
Trimagnesium Dinitride
Silicon Nitride
Tantalum Nitride
Titanium Nitride
Uranium Nitride
Uranium Nitride (Nonstoichiometric}
Vanadium Nitride
Zirconium Nitride

Barium Carbonate

Caleium Carbonate

Calcium Magnesium Dicarbonate
Dilithfum Carbonate

Manganese Carbonate
Dipotassium Carbonate

Disilver Carbonate

Disodium Carbonate

Sodium Bicarbonate

Strontium Carbonate

NITRATES and NITRITES

358
359
360
361
362
363
364

SULFATES

365
366
367
Jq68
369

Barium Dinitrate

Gadolinium Trinitrate ilexahydrate
Potnssium Nitrate

Silver Nitrite

Sodiuni Nitrate

Strontium Nitrate

Thaillum Nitrate

Dialuminuin Trisulfate

Dialuminum Trisulfate licxahydiate
Diznmmonlum Sulfnte

Ammoniwmn Aluminum Disulfate

Ammonium Aluminum Disulfate
Dodeccahydrate

92

Formula

AIN C e e e
BN -

HIN e e
MgaNg & 0 o o
SiN e e e e .
TaN e e e e e
TiN e e e e
UN e e e e e

ZrN P

BaCOy . . . . .
CaCOy . . . . .
CaMg(COy)y . . .
LigCOy « . . . .
MnCOy .

KLCOy . . . .
AglCOy . . . . .,

Na)C0O, . . . .
NalflCOy . . . . .
SrCOy . . . .
Ba(NO);. . . . .
Gd(NOyg)y * 6H,0 . .
KNO, . . . . .
AgNO; . . . . .
NaNOQ, . . . . .,
SINO, . . . . .
TINOg . . . . .
Aly(SOY, .

Alz(SO‘)l . GHIO LI
(Nilds80, . . . .
NILANSOL),

NILALNSO)y - 1211,0

Page No,

1075
1078
1081
1094
1057
1040
1093
1096
1094
1103
1106

1109
1112
1115
1118
1121
1124
1127
1130
1133
1136

11454
1142
1145
1144
1151
1154
1157

1161
1164
1167
1170

11749



22, SULFATES {continued)

Figure and/or
Table No,

370
371
372
373
374
375

376
377
378
379
380
381
382
G383
384
385
186

Name

Barium Sulfate

Beryllium Sulfate

Calcium Sulfate

Calcium Sulfate Hemihydrate
Calcium Sulfate Dihydrate

Cesium Aluminum Disulfate
Dodecahydrate

Caobalt Sulfate Heptahydrate
Dieuroplum Trisulfate Octahydrate
Iron Sulfate Heptahydrate
Dimercury Sulfate

Nickel Suliate Hexahydrate
Dipotassium Sulfate

Potassium Aluminwmn Disuliate
Potagsium Aluminum Disulfate Dodecahydrate
Disodium Sulfate

Disodium Sulfatc Decahydrate

Zinc Sulfate lleptahydrate

23. GLASSES and CERMETS

a87
388
389

395
396

397

398

399

400

401

402
403
404
405
406

Aluminosilicate Glass

Borosllicate Giass

High Silica Glass

Pyroceram

Soda Lime Glasgs

Beryllium + Beryllium Oxide, Cermet
Beryilium Oxide + Beryilium, Cermet

Beryllium Oxide + Beryllium + Molybdenum,
Cermet

Beryllium Oxide + Molybdenum, Cermet

Beryllium Oxide + Molybdenum
Dodecaberyllide, Cermet

Beryllium Oxide + Nicbium Dodecaberyilide,
Cermet

Beryllium Oxide + Tantalum Dodecaberyllide,
Cermetl

Beryllium Oxide + Titanium Dodecaberyllide,
Cermet

Beryllium Oxide + Zirconium 13-Beryllide,
Cermet

Boron Nitride + Diboron Trioxide + IXj,
Cermet

Boron Nitride + Carbon, Cermet
Carbon + Silicon Carbjde, Cermet
Silicon Carbide + Carbon + LX;, Cermet
Tungsten Carbide + Cobalt, Cermet

Zirconium Dioxide + Titanium, Cermet

93

Formula

BasO, -
BesO, R
CaSQ, e
CasO, WO . .
CaSO, - 2H,0 . .

CBAN(SO), - 12H,0
Cos0, « THO . .
Euy(SOgy « BH,O .
FeSO,* THO . .

Hga50, e
NiSO, « 6Hs0 . .
K80, ..
KAi(80p), . .
KAKSO,); - 12H,0
Na,SO, e e e

Na,SO, - 10H,0 .
Zns0, - MO

Si0y + A0y + LXj
Si0; + By + IX;
8oy + IX; . . .
§i0; + Na,0 + IX;
Be + BeO

BeO+ Be . . .

BeO + Be + Mo .
BeO+Mo . . .

BeO + MoBey; . .
BeO + NbBe,; .
BeO + TaBey; .
BeO + TiBeg . .
BeO + ZrBe;; . .

BN + ByO, + IX; .
BN + C . e e
C + 8iC PPN
SiC+C+ D(‘.

WC+Co ., . .
ZrOy +Ti . . .

Page No.

1176
1179
1182
1185
1188

1191
1194
1197
1200
1203
1206

1212
1215
1218
1221
1224

1221
1230
1234
1237
1240
1243
1246

1249
1252

1255

1287

1270
1273
1276
1279
1282
1285



24, OXYGEN COMPOUNDS

Flgure and/or
Table No.

407
408
409
410
411
412
413
114
415
416
417
418
419
420
421

446

Name

Dilaluminum Silicon Pentaoxide
Hexaaluminum Digilicon 13-Oxlde
Dialuminum Disilicon Heptaoxide Dihydrate
Dialumjnum Titanium Pentaoxide
Barium Sllicon Trioxide

Dibarium Bilicon Tetraoxidc

Barium Dlsilicon Pentaoxide

Dibarium Trisilicon Octaoxide
Barjum Titanium Trioxide

Dibarium Titanium Tetraoxide

Barium Uranium Tetraoxide

Barlum Zlrconium Trioxide

Beryllium Dialuminum Tetraoxide
DiberyUium Sllicon Tetraoxide
Calejum Dialuminum Tetraoxide
Culcium Tetraaluminum lleptaoxide
Tricalcium Dialuminum Hexaoxide
Dodecacalcium 14-Aluminum 33-Oxlde
Calcium Diburon Tetraoxidc

Calcium Tetraboron lHeptaoxide
Dicalclum Diboyon Pentuuxlde
Tricualcium Diboron llexaoxide
Calcium Diiron Tetraoxide

Dicalcjum Diiron Pentaoxide

Calcium Molybdenwn Tetraoxide
Calcium Silicon Trivxide

Dicalchan 8Sjlicon Tetraoxide
Tricalcium Silicon Pentaoxlde
Tricalcium Disilicon Heptaoxide
Calclum Tit2nium Trioxide
Tricalcium Dititanium Heptaovxide
Calcium Tungsten Tetraoxide

Calcium Uranium Tetraoxide

Calcium Divanadium Hexaoxide
Dicalclunm Divanadium jieptaoxide
Tricalcium Divanadium Octaoxide
Calcium Zirconium Trioxide
Dicalclum Dlaluminum Silicon Heptaoxide
Calcium Dialuminum Djsilicon Octuoxide

Calclum Dialuminum Disllicon Octooxlde
Dlhydrate

Dlctlclum Tetranluminum Octasilicon 24-Oxide

ileptahiydrato
Colchum Magnesium Disllicon Hexaoxldo
Dicaleium Magneslum Disilicon Heptaoxlde
Trlcalciumn Moagnesium Disilicon Oclaoxide

Dicalcjum Pentamagnesium Octasillcon 23-Oxide

Monohydrate

94

Formula

ALsSI0y
ALSi0y

A181,0; - 2H0

AL TIOg
BaSiO,
BajSi0,
BaSiyOy
Ba;Siy0y
BaTiOy
Ba;TiO,
BaUQ,
BaZrQy
BeAl;0,
BesSiQ,
CaAl,0,
CaAl0y
CayAL O
CapAlyOgy
CaBy0,
CaBOy
Ca 8,04
Cuyld;0y
Calke0y
Cu,Fe Oy
CaMoQ,
Ca Si0y
CugSiO,
CagSitg
CagSl,04
CaTiOy
CayTi 0y
CaWQ,
CalOQ,
CaViDy
Ca,;V,0,
CazVgOy
CaZrOy
CoALBIO,

CaAlgbi0f .

CaALSI,0f + 21,0

CugALS140n + 70

CuMgSl,Ol

Cu,MgSi,O, .
Ca,Mgb‘l.O. .

CaxMggSlyGy,y - 11,0

Page No,

1289
1282
1295
1248
1301
1304
1307
110
1313
1316
1319
1322
13325
1329
1332
1345
1338
1341
1344
1347
1360
1354
1306
1369
1362
1365
1366
1571
174
1977
1380
1383
1386
1389
13492
1396
1398
1401
1404

1407

1410
1419
1416
1419

1422



24. OXYGEN COMPOUNDS (continued)

Figure and/or
Table No,

452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
47%
476
477

478

479
480
481
482
443
484
445
486
447
488
489
190
491

492
493
44
440

Namc

Cobalt Diiron Tetraoxide

Cobalt Iron Tctrapxide (Nonstoichiometric)
Cobalt Tungsien Tetraoxide

Copper Iron Tetraoxide (Nunstoichiometric)
Copper Diiron Tetraoxide

Trierbium Pentagalllum Dodecaoxide (Garnet)
Iron Dialuminum Tetraoxide

Iron Dichromium Tetraoxide

Iron Dicobalt Tctraoxide

Diiron Silicon Totraoxide

Iron Titanium Trioxide

Lead Molybdenum Tetraoxide

Lead Tungsten Tetraoxide

Lithium Aluminum Djoxide

Lithium Iron Dioxide

Lithjum Iron Tetraoxide (Nonstoichiometric)
Dilithium Titanium Trioxide

Lithium Zinc Iron Tetraoxide (Nonstoichiometric)
Magnesium Dialuminum Tetraoxide
Magnesium Dichromium Tetraoxide
Magnesium Diiron Tetraoxide

Magnesium Iron Tetraoxide (Nonstoichiometrle)
Magnesium Molybdenum Tetraoxide
Magnesium Silicon Trioxide

Dimagnesiutn Silleon Tetraoxide

‘I'rimagnesium Tetrapilicon Undecaoxide
Monohydrate

Dimagnesium Tetraaluminum Pentasilicon
18-Oxide

Magnesiuin Titanium Trioxide
Magncesium Dititanium Pentaoxide
Diniagnesium Titanium Tetraoxide
Magnesium Tungsten Tetraoxide
Magnesium Divanadium Hexaoxide
Dimagnesium Divanadium Heptaoxide
Mangancese Silicon Trioxide

Formula

CoFey0,
Coy l-‘ey O¢
CoWO,
Cu, Fey O,
CuFu30,
EryGagOyy
FeAl,0,
FeCri0y
FeCo,04
Fe,y8i0,
FeTiO,
bMoO,
PbWO,
LiAlOy
LiFeO,
Li xFeyOy
LijTiO,

e

. e

e

Li,Zn,Fe,0f .

MgAl,O
MgCr,0,
MgFe,Of
ngF”yOt
MgMoO,
MgS8i0,
Mg,510,

MgS1,0y, -

. .

. .

H,0

Mg,AlBigO)g

MgTiO,
MyTi,05
Mg, TiO,
MgWO,

MgV,04
MgaV,Op
Mn8iO,

Trineodymlum Pentagallium Dodecaoxido {(Garnot) NdgGagOp,

Nickel Diiron Tetraoxide
Nickel Lron Tcetraoxide (Nonstoichiometric)

Nickel Zine Diiron 'Tetraoxide (Nonstoichivmetric) Niy %

Potasgium ‘T'riniuminuin Trilsiticon Undocaoxide

Potussium Trisluminunl Trlsilicon Undecaoxide
Monohydrate

Siiicon Dioxlde + Diajuminum Trioxide + IX;
Sodium Aluminum Dioxdde
Sodium Boron Nloxlde

Disodium ‘Tetraboron Ileproxido

95

Ni l“ezo‘
Niyx Fuy O

Ny
KALS1,0,,

. .

1“020‘ .

11,0

510y 1+ ALy + IX,

NaAl(y
Nuli()y,
N3Oy

.

. .

Page No.

1425
1428
1431
1434
1437
1440
1443
1446
1449
1452
14565
1458
1461
1464
1467
1470
1473
1476
1479
1442
1483
1488
1491
1494
1407

1500

1503
1506
1509
1512
1515
1518
1521
1524
1527
1530
1543
1536
1540

1543
1546
1649
1062
1066



24. OXYGEN COMPOUNDS (continued)

Figure and/or
Tabie No.

496
497
498
499

Name

Sadium Iron Dloxide

Digsodium Molybdenum Tetraoxide
Disadium Dimolybdenum Heptaoxide
Disodium Silicon Trioxide

Discodium Disilicon Pentaoxide
Disodium Teiliurium Tetrooxide
Disodium Titanium Trioxide

Disodium Dititanium Pentaoxide
Disodium Trititanium Heptaoxide
Disodium Tungsten Tetraoxide
Disodium Ditungsten Heptaoxlde
Sodium Vanadium Trioxide

Trisodium Vanadium Tetlraoxide
Tetrasodium Divanadium Heptaoxide
Sodium Aluminum Trisilicon Octaoxide
Strontium Silicon Trioxide

Distrontium Sliicon Teiraoxide
Strontium Titanium Trioxide
Distrontium Titanjum Tetlraoxide
Strontiuin Zirconium Trioxide
Triytterbium Pentagallium Dodecaoxide(Garnet)
Triyttrium Pentagailium Dodecaoxide(Garnot)
Zine Diiron Tetraoxide

Dizinc Silicon Tetraoxide

Dizinc Titanjum Tetraoxide

Zirconium Silicon Tetraoxide

96

Furmula

NaFeO;
NayMoO,
Na;Mo,04
Na,8i0,
Na;$1;0y
Na,TeO,
Na,TiO;
Na,Ti;05
Na,;TiyO;
Na,WO,
Na,W;0,
NaVG,
NagVO,

Nay V0
NBAISi;Og
Sr5i0y
SrSi0,
SrTiOy
SryTiOy
SrZrQs
Yb,Ga;0
YyGagOpz
ZnFe 04
Zn;S10,
Zn,Ti0,
ZrS10,

Page No.

1563
1566
1569
1572
1575
1578
1581
1544
1087
1940
1599
1096
1599
1602
1605
1608
1611
1614
1617
1620
1G24
1626
1629
1632
16:15
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la
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Ta
7a
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1la
1la
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17a
18a
19a
20a
2la
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Page
28a
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3la
3la
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34a
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42a
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44a
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61
113
293

299
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1, ELEMENTS

Figure and/or
Tabie No.

—
S ¢ X 3 RN -

ld e
N

GROUPING OF MATERIALS AND

LIST OF FIGURES AND TABLES

Name Symbol
Argon A
Bromine Br;
Chlorine Cly
Deuterium D;
Fiuorine F3
Helium He
Hydrogen Hy
Krypton Kr
Neon Ne
Nitrogen N3
Oxygen (o M
Xenon Xe

2. INORGANIC COMPOUNDS

13
14
15
16
17
1y
19
20
21
22

Ammonia

Boron Trifluoride
Hydrogen Chloride
Hydrogen lodide
Hydrogen Sulfide
Nitric Oxide
Nitrogen Peroxide
Nitrous Oxide
Sulfur Dioxide
Water

3. ORGANIC COMPOUNDS

23
24
25
26
27
28
29
40

Acetone

Acetylene

Benzene

i-Butane

n-Butane

Carbon Dioxide
Carbon Monoxide
Carbon Tetrachloride

* R
L = Hquld, G = gas.

NH,
BF;
HCH

H
NO

NO,
NO

HO

(CH,)CO
CHCH
CeHy
1-CHy
n-CeHyy
Co,
co
ccl

99

Physical
State®*

L,G e
LG e e
LG e
LG .
LG . .

LG .
LG

LG e e
LIG . . . .
L,G e e e e

LG .
L.G e e
LG e

LG
LG

L,G
LG
LG

L.G

L, G
LG
LG e e
LG e e
L.G
L,G

113
117
121
129
136
143
1562
159



3. ORGANIC COMPOUNDS (continued)

Figure and/or
Table No,
a1
32
33
34
35
KL
37
48
39
40
41
42
43
44
46
46
47
44

4. MIXTURES

56

Name

Chloroform
n-Decane
Ethane

Ethyl Alcohol
Ethylene
Ethylene Glycol
Ethyl Ether
Freon 11
Freon 12
Freon 13
Freon 21
Freon 22
Freon 113
Freon 114
Glycerol
n-Heptane
n-Hexane
Methane
Meihyl Alcohol
Methyl Chloride
n-Nonane
n-Octane
n-Pentane
Propans
Toluene

Alr

¥
L = liquid, G = gas,

Formula

CHCl,
Cigtln

Callg
CyHOH
CHCH,
CH;OHCH{OH
(CqH;)0
CICF
CICF,
CICF,
ClLCHF
CICHF;
CCLFCCIF,;
CCIFCCIF;
CH4OHCHONCHOH
(o,

CeHly

CHy

CHLOH
CH,Cl

Clly

Cetiyy

Celip

CaH,
CHyCH,

100

Physical
State*

L,G
LG
L,G
L,G
L.G

L,G
L, G
L,G
-G
L,G
L,G

LG
-, G

L,G
L, G
L,G
L,G
L.G
LG
L, G
L, G
L.G
L,G

-.a

Page No.

166
170
174
180
185
192
1M
200
204
210
212
218
224
228
230
232
238
244
252
257
261
266
272
279

N
o
(5]

293
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8la
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1.

ELEMENTS

Figure and/or
Table No.
1A
1
2
3
4
g
6
TA

16*
17
18
19
20%
21
22
23*
24
25
26
27
28
29%
30
31*
32
33*
34
35%

36*

GROUPING OF MATERIALS AND
LIST OF FIGURES AND TABLES

Material and Sub-property

Aluminum - Hemispherical Total Emittance

Aluminum - Hemispherical Total Emittance . . .
Aluminum - Normal Total Emittance., ., . . . , .
Aluminum - Normal Spectral Emittance ,

Aluminum - Angular Spectrial Emittance.

Aluminum - Angular Integrated Refleclance

Aluminum - llemisphcrica) Spectral Reflectanee , . . .,
Aluminum - Normal Spectral Reflectance

Aluminum - Normal Spectral Reflectance

Aluminum - Angular Spectral Reflectance

Aluminum - Angular Spcetral Reflectance

Aluminum - Normal Solar Reflectance

Aluminum - Hemisplicrical Integrated Absorptance . |,
Aluminum - Normal Integrated Absorptance

Aluminum - Normul Spectral Absorplance

Aluminum - Angular Spectral Absorptance ,

Aluminum - Normal Solar Absorptance , , . ,

Aluminum - Angular Solar Absorptance .,

Aluminum - Normil Spectral ‘Transmittance |, , , |,
Aluminum - Angular Spectral Transmittanee

Antimony - Anpgular Spectral Reflectunce . . . . . .,
Antimony - Normal Spectral ‘I'ransmittance

Barium - Angular Spectral Reflectance . . . . . . . .,
Beryllium - Normal Total Emittance .

Beryllium - Normal Spectral Emittance . . ., .,
Berylllum - Normal Spectral Emittance .

Beryllium - Normal Spectral Refleclance . . . 0 0 .
Beryllium - Normal Spectral Trunsmittance

Bismuth - Normal Spcctral Transmittance . ., . . . . .
Bismuth - Angular Spectral Transmittance .

Cadmium - Hemispherical Total Emlittance .

Cadmium - Angular Spectral Reflectance . . . . . .
Cadmium - Hemispherlcal Integrated Absorptance . .
Cadmlum - Angular Spectral Absorptance

Chromium -~ Ilemispherieal Total Emittance

Chromijum - Normal Total Emittance,

Chromium - Normul Spectral Emittance, |, .

Chromium - Normal Spectral Emittance

Note; Tlpgure number with VA" Indlcates analyzed data graph.

“No figurc

104

Page

0
63
66
68
71
74
76
78
82
-5}
88
91
93
96
98
101
103
106
108



1, ELEMENTS (continued)

Figure and/or
Table No.
37
38*
39
40%
41
42
43A
43
44
45A
45
46A
46
47
4BA
48
49A
49
50
51
52
5%
54%
557
56A
56
57
58%
59
60A
60
61%*
62
63
64
85
66
67
68%
69A
69
7T0A
T0
71A

Material and Sub-property

Chromium - Normal Spectral Reflectance .
Chromium - Angular Spectral Reflectance .
Chromium - Normal Spectral Absorptance .

Chromium - Normal Solar Absorptance .

Chromium - Normal Spectral Trangsmittance .
Cobalt - Normal Total Emittance , .
Cobalt - Normal Spectral Emittance .,

Cobalt - Normal Spectral Emittance .
Cobalt - Angular Spectral Reflectance
Copper - Hemispherical Total Emittance

Copper - Hemispherical Total Emittance

Copper
Copper
Copper
Copper
Copper
Copper
Copper
Copper
Copper
Copper
Copper
Copper
Copper
Copper
Copper
Copper
Copper
Copper
Copper

Copper - Normal Spectral Transmittance

- Normal Total Emittance .

- Normal Total Emittance. .
- Normal Spectral Emittance .
- Normal Spectral Emittancc.
- Normal Spectral Emitiance .
- Normal Speetral Reflectance
- Normal Spectral Reflectance

- Angular Spcetral Reflectance .

- Angular Spectril Reflectance

- Normal Solar Reflectance

- Hemispherieal Integrated Absorptance .

- Normal Integrated Absorptance

- Normaul Spectral Absorpilance .

- Normal Speetral Absorptance .

- Normaul Speetral Absorplance .

- Angular Spcetral Absorptance .

- llemispherical Solar Absorptance,

- Normal Solar Absorptance .

- Normal Spectral Transmittance

Erbium - Normal Spectral Emittance.

Gadolinlum - Normal Spectral Reflectance .

Gadolinium - Normal Spectral Transmittance .

Gallium - Normal Spectral Reflcctance .
Gallium - Normal Spcctral Absorptance .
Galllum - Normal Spectral Transmittance .
Germanlum - Normal Total Emittance

Germanlum - Normal Spccetral Emittance
Germanium - Normal Spcctral Emlittance .
Germanium - Normal Spcctral Emittance
Germanium - Normal Spectral Reflectance.
Germanium - Normal Spectral Reflectance .

Germanlum - Normal Spectral Transmittance .

Note: Figure number with "A' indicates annlyzed data graph.

*No figure

105



1. ELEMENTS (continued)

Figure and/or
Table No.
71
72
73A
73
T4%
75A
75
76
77A
77
78
79%
BO*
81%
B2%
83*
84
85%
BG*
87*
88
89%
90
91
92%
93
94
95A
95
96A
96
87
98*
98
100
101*
102
103
104*
105%
106*
107*
108*
109%

Material and Sub-property

Germanium - Normal Spectral Transmittance ,
Germanium - Apgular Spectral Transmittance.

Gold - Hemispherical Total Emittance
Gold - Hemigpherical Total Emittance
Gold - Normal Total Emittance. . .
Gold - Normal Spectral Emittance. .
Gold - Normal Spectral Emittance.

Gold - Normal Spectral Emittance. .
Gold - Normal Spectral Reflectance .
Gold - Normal Spectral Reflectance .
Gold - Angular Spectral Reflectance .
Gold - Normal Solar Refloctance .

Gold - Hemispherical Integrated Absorptance

Gold - Normal Spectral Absorptance .
Gold - Normal Spectral Absorptance .
Gold - Angular Spectrnl Absorptance.
Gold - Normal Solar Absorptance .

Hafnlum - Hemispherical Total Emlttance .

Hafnium - Normal Spectral Emittance
Hafnium - Normal Spectral Emittance
Indium - Angular Spcctral Absorptance
Iridium - Normal Spectral Emittance.
Iridium - Normal Spectral Emittance,
Irfdium - Normal Spectral Reflectance
Iridium ~ Angular Spectral Reflectanco

Iridium - Angular Spectral Reflectance .

Iron - Hemispherical Tolal Emittance
Iron - Normul Total Emittance .

Iron - Normal Total Emittance .

Iron - Normal Spectral Emittance. .
Iron - Normal Speetral Emittance .
Iron - Normal Spectral Emittance .
Iron - Normal Spectral Roflectance
Iron - Normal Spectral Reflectance
lron - Angular Spectral Rcflectanco
Iron - Normal Spectral Absorptunce .
Iron - Normal Spectral Absorptance .
Iron - Normal Solar Absorptance .
Lead - Homispherical Total Emittance
Lead - Normal Total Emittance .

Lead - Hemispherical Intogratod Absorptance ,

Lead - Normal Integrated Absorptance
Lead - Normal Spectral Absorptance .
Lead - Angular Spectral Absorptance,

Note: Flgure number with VA" indicates analyzed data graph.

*No figure
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1. ELEMENTS (continued)

Note; Flgure number with "A' indicates analyzed data gruph.

*No figure

107

Figure and/or
Table No, Material and Sub-property Page
110 Lutetium - Normal Spectral Reflectance . . . . . . « . « « « . . 347
111 Lutetium - Normal Spectral Transmittance . . . . . . . . . . . . 350
112 Magneslum - Hemispherical Total Emittance . . . . . . . . . . . . a53
113* Magnesium - Normal Spectral Reflectance . . . . . . . . . . . . . 366
114* Magnesium - Angular Spectral Reflectance. . . . . . . . . . . . . 358
115 Magnesium - Normal Solar Reflectance . . . . . . . . . . . . . . 360
118 Magneslum - Normal Solar Absorptance. . . . . . + . « . « . . . 364
117* Magnesium - Normal Spectral Transmittanee . . . . . . . . . . . . 367
118* Manganese - Normal Spectral Emittance . . . . . . « , . . . . . 369
118 Manganese - Angular Spectral Reflectance . . . . . . . . . . . . . M
120% Manganese - Angular Spectral Absorptance. . . . . « . . . . . . . 374
121A Molybdenum - Hemlspherical Total Emittance. 376
121 Molybdenum - Hemlspherical Total Emittance 31
122A Molybdenum - Normal Totaul Emittance . . 382
122 Molybdenum - Normal Total Emittance . 489
123 Molybdenumm - Normal Spectral Emittance . 387
124A Molybdenum - Normal Spectral Emittance <« « .+ . . . . . . « . . 392
124 Molybdcnum - Normal Spectral Emittance « . . . . . . . .+ . . . . 4%
125 Molybdenum - Normal Spectral Reflectance . . . o . . . . . . . 344
126%* Molybdenum - Angular Spectral Reflectanee . -« . . . . . . ., . 402
127 Molybdenum - Normal Spectral Absorptance .« .« .+ . . . . ., 404
128 Molybdenum - Angular Spectral Absorptance . . . .« . . . . . . . 407
129 Molybdenum - Normal Solar Absorptance . . . . . . . . . . . . . 410
130 Nlckel - Hemispherical Total Emlttance . . . . . . . . . . . . . 413
131A Nickel - Normal Total Emittance . . . . . . . . . . . . . . . . 4116
131 Nickel - Normal Total Emfttanece . . . . . . . . . . . . . . . . 417
132A Nickel - Normal 8pectral Emittance . . . . . . « . . . . . . . . 424
132 Nickel - Normal Spectral Emittance . . . .« . « « . . . . . . . 425
133 Niclel - Normal Spectral Emitance . . . v« v« « . o+ + « . . 4#4
134A Nlckel - Normal Integrated Reficetunce .« 0 0 0 o o o . . 0 . .. 440
134 Nickel - Normal Integrated Rellectunce . o 0 0 v 0 o 0 0 0 0 4 o . 441
135A(1) Nickel - Angudar Integrated Reflectance .« 0 « o o o« o .« . . . 446
135A(2) Nickel - Angular Integrated Reflectanee. © o 0 0 0« v 0 . o .. 417
135 Nickel - Angular Integrated Beflectunce. o v ¢ o o« o v« « . . 44M
136 Nlckel - Normal Spectral Reflectance 454
137 Nickel - Angular Spectral Reflectance 457
138* Nlckel - llemispherical Integrated Absorptance 460
139 Nlckel - Normal Spectral Absorptance . 462
140 Nickel - Angular Spectral Absorptance 465
141* Nickel - llemispherical Solar Absorplance . 468
142 Nlckel - Normal Solar Absorplance ' 470
143A Nioblum - llemispherical Total Emittance . 474
143 Niobium - Hemlspherical Total Emlttance . 475
144 Niobium - Normal Totsl Emittance BN 180



1,

ELEMENTS (continued)

Figure and/or
Table No,
145
146A
146
147A
147
148
149%
150%
151
152
153%
154
155
156%
157
158A
158
159
160
161A
161
162
163*
164%
165
166
167*
168
169
170
1711
172%
173
174
175%
176
177
1768%
179*
180%*
181%
182%
183A
183
1844

Materjal and Sub-property

Niobium - Normal Speciral Emittance .
Niobium - Normal Spectral Emittance
Niobium - Normal Spectral Emittance
Niobium - Normal Spectral Reflectance .,
Njboium - Normal Spectral Reflectance , .
Niobium - Angular Spectral Absorptance
Osmium - Normal Spectral Emittance , .
Palladium - Hemispherical Total Emittance
Palladium - Normal Total Emittance . .,
Palladium -~ Normal Spectral Emittance, .
Palladium - Normal Spectral Emittance. |,
Palladium - Normal Spectral Emittance, .
Palladium - Normal Spectral Absorptance .
Palladium - Normal Solar Absorptance . .,
Palladium - Normal Spectral Transmittaoce
Platinum - Hemispherical Total Emittance
Platinum - Hemispherical Total Emittance,
Platinum - Normal Total Emittance
Platinum - Normal Spectral Emittance . .
Platinum - Normal Spectral Emittance
Platinum - Normal Spectral Emittance , .
Platinum - Normal Spectral Reflectance
Platinum - Angular Spectral Reflectance .
Platinum - Angular Spectral Reflectance
Platinum - Normal Spectral Absorptance .
Platinum - Angular Specfral Absorptance
Platinum - Normal Solar Absorptance . .
Rhenium - Hemispherical Total Emittance ,
Rhenium - Normal Total Emittance
Rhenium ~ Normal Spectral Emittance ., .
Rhenium - Normal Spectral Emittance .
Rhodium - Hemispherical Total Emittance .
Rhodium - Normal Toial Emittance .
Rhodium - Normal Spectral Emittance .
Rhodium - Normal Spectral Emittance . .
Rhodium - Normal Spectral Reflectance .
Rhodium - Angular Spectral Reflectance, .
Rhodium - Angular Spectral Absorptance ,
Rhodium - Normal Solar Abgorptance . .
Ruthenium - Normal Spectral Emittance
Silicon - Normal Total Emittance . .
Silicon - Normal Spectral Emittance . e
Siljcon - Normal Spectral Emittance . .
Silicon - Normal Spectrel Emittance '
Silicon - Normal Spectral Reflectance . .

Note: Figure number with “A" indicates analyzed data graph.

*No figure
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Page

482
486
487

493
. 497
500
502
504
807
510
512
515
518
520
. 524
. 525
529

536
537
644
547
549
551
554
557
559
562
565
568
571
573
576
579
581
584
587
589
691
593
596
508
599
604



1, ELEMENTS (continued)

Figure and/or
Table No.
184
185
186%*
187
188
189%
190%
191%*
182A
192
133
194%*
195%*
196%*
197
198
199
200A
200
201A
201
202A
202
203A
203
204A
204
205
206
207
208
209
210%
211%
212%
213*
214
216*
216*
217
218
219
220
221

Material and Sub-property

Silicon - Normal Speotral Reflectance .
Silicon - Angular Spectral Reflectance .,
Silicon ~ Normal Spectral Absorptance ,
Silicon ~ Normal Spectral Transmittance
Silver ~ Hemispherical Total Emittance .
Silver - Normal Total Emittance . . . .
Silver - Normal Spectral Emittance , . .
8ilver - Normal Spectral Emittance , , .
Silver - Normal Spectral Reflectance, . .
Silver - Normal Spectral Reflectance.
Silver - Angular Spectral Reflectance,

Silver - Hemispherical Integrated Absorptance

Silver - Normal Spectral Absorptance
Silver - Normal Spectral Absorptance .
Silver - Angular Spectral Absorptance
Silver -~ Normal Solar Absorptance .
Silver - Normal Spectral 1Transmittance
Tantalum - Hemispherical Total Emittance.
Tantalum - Hemispherical Total Emittance,
Tantalum - Normal Total Emittance .
Tantalum - Normal Total Emittance . ,
Tantalum - Normal Speciral Emittance . .
Tantalum - Normal Spectral Emittance . .
Tantalum - Normal Spectral Emittance .
Tantalum - Normal Spectral Emittance .
Tantalum - Normal Spectral Reflectance
Tantalum - Normal Spectral Reflectance
Tantalum - Angular Spectral Reflectance
Tantalum - Normal Solar Absorptance ,
Thallium - Normal 8pectral Rcflectance. .
Thallium ~ Angular Spectral Reflectance, .
Thallium - Normal Spectral Transmittance,
Thorium - Normal Bpectral Emittance .
Thorium - Normal] Spectral Emittance , .
Tin - Hemispherical Total Emiitance.

Tin ~ Normal Total Emittance .
Tin - Normal Spectral Reflectance . . .
Tin - Homispherical Integrated Absorptance
Tin - Normal Integrated Absorptance

Tin - Normal Spectral Absorptance , , .
Tin - Angular 8pectral Absorptance . . .,
Tin ~ Normal Spectral Transmittance . .
Titanium - Hemispherical Total Emittance .
Titanium - Normal Total Emittance . . .

Note: Figure number with "A" indicates analyzed data graph.

*No figure
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Page
605
611
614
616
620
623
625
627
630
631
636
639
641
643
645
648
651
654
655
660
661
666
667
672
673
678
679
684
687
690
693
696
699
701
703
705
707
710
712
714
717
720
723
728



1., ELEMENTS (contlnued)

Figure and/or
Tabie No,

222
223
224
225
226A
226
227A(1)
227A(2)
227
228%
229%
230*
231A
231
232A
232
233A
233
234A
234
235%
236
237"
238
239A
239
240%
241
242A
242
243A
243
244
245A
245
24GA
246
247
248
249%
250%
251%*
252A
252

Material and Sub-property

Tilanium - Normal Spectral Emlittance.
‘T'itanium - Normal Spectral Emittance. .
Titanlum - Angular Spectral Emittance
Titanium - Angular Spectral Emittance .
Titanium - Norma! Spectral Reflectance
Titanium - Normal Spectral Reflectance
Titanium -~ Angular Spectral Reflectance .
Titanium - Angular Spectral Reflectance .
Titanium - Angular Spectral Reflectance .
Titanium - Normal Solar Reflectance .
Titanium - Angular Spectral Absorptance .
Tltanlum - Normal Spectral Transmlttance
Tungsten - Hemispherleal Total Emittance
Tungsten - Hemlspherical Total Emittance
Tungsten - Normal Total Emittance .
Tungsten - Normal Total Emittance . .
Tungsten — Normal Spectral Emittance .
Tungstcen - Normal Spectral Emitlance
Tungsten - Norinal Spectral Emiltance .
Tungsten - Normal Speetral Emitlance .
Tungsilen - Angular Spectral Emillance
Tungsten - Angular Spectral Emitlance
Lungsten -~ Angular Inwepgrated Reflectance
Tungsten - Normal Spectral Reflectunce .
Tungsten - Normal Specetral Reflectance
Tungsten - Normal Spectral Reflectance .
Tungslen - Angular Spectral Reflectance .
Tungsten - Angulur Speetral Absarptance .
Uranium - Hemispherical Total Emittance
Uranium - Ilemispherical Totul Emittance
Uranium - Normal Spectral Emittance .
Uruninm - Normal Speetral mittance .
Uranium - Normul Speetral Emittance .
Uranium - Normal Spectral Emitlance .
Uranium - Normal Spectrul Emitlance . .
Vanadium - Normal Spectrul Reflectunce .
Vimadium - Nermal Spectral Reflectance
Vanadium - Angular Spectral Refleclance .
Viinadium - Angular Spectral Absorptance
Yitrium - Nornad Spectral Emltitwmee .
Zinc - llemisphierical Totul Emitltance . .
Zinc - Normal Tolal Emittance . . .
Zinc - Normal Spectral Reflectance. .

Zine - Normal Spectral Reflectance. . .

Notc. Figurc number with "A" indicates analyzed data graph.

*No flgure
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H50
MY
LHY
857
460
861



1. ELEMENTS (contlnucd)

Figure and/or
Table No.
253%
254
255
256
257
258

259%
260

2. BINARY ALLOYS

Flgure and/or
Table No.
261
262
263
2G4
265*
266
267*
268%*
269*
270%
271%
272
273
274
275%
276%*
277A
277
278
279
280%
281%
282
283
284
285
286
287
288

Material and Sub-property

“Zinc - Hcmispherical Integrated Absorptance ,

Zinc - Normal Spectral Absorptance ,

Zinc - Angular Spectral Absorptance

Zirconium - Normal Total Emlttance

Zirconium - Normal Spectral Emittance

Zirconium - Normal Spectral Emittance . . . .,
Zirconium - Normal Spectral Reflectance
Zirconlum - Angular Spectral Absorptance,

Material and Sub-property

Aluminum + Cobalt - Normal Spectral Reflectance
Aluminum + Magnesium - Normal Spectral Reflectance
Alumlnum + Sllicon - Normal Spcetral Reflectance
Aluminum + Silver - Normal Spectral Reflectsince
Bismuth + Tin - Normal Integrated Absorptance ..
Cobalt + Aluminum - Normal Spectral Reflectance
Cobalt + lron - Normal Spectral Emittance ..
Cobalt + Nlckel ~ Normal Spectral Emittance

Copper + Nickel - Normal Total Emittance

Copper + Tin - Normal Spcctral Reflectance

Copper + Zlnc - Hemlsphcrical Total Emittance L
Copper + Zine - Normal Total Emittance

Copper + Zinc - Normal Spcctral Reflectance

Copper + Zinc - Angular Spectral Reflcctance .
Copper + Zinc - llemispherical Integrated Absorptance
Copper + Zinc - Normal Intograted Absorptance
Copper + 2Zinc - Angular Spectral Absorptance
Copper + Zinc - Angular Spectral Absorptance
Gold + Silver - Normal Spectral Reflectance
Iron + Carbon - Normal Total Emittancc

Iron + Chromium ~ Normal Spectral Reflcctance .
Iron + Chromium - Angular Spcctral Reflectance

Iron + Nickel - Normal Specctral Emlttancc

Iron + Tungsten ~ Normal Spectral Emittance

Lcad + Tin ~ llemnlspherlcal Total Emittance
Magncsium + Aluminum - Normal Spectral Reflectance
Molybdenum + Tltanlum - Normal Total Emittance

Mol ybdenum + Titanium - Angular Total Emlttancc |
Molybdenum + Titanlum - Normal Spectral Emittance

Note: Figurc numbor with "A" indicates annlyzed data graph.,

*No flgurc
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Page

864
866
869
872
875

878
881
883

Page

887
8490
BY3

899
301

959



2, BINARY ALLOYS

Figure and/or
Table No.
2BYA
289
290%
291
292A
292
293
204
295
296
297A
297
298+
299
300%
301A
J01
302
303%
Jo4
305
306
307
308
309%*
310%
H11A
Ji1
312A
312
313A
313
3147
315%
316
KRy
31g*
319
320
321%

{continued)

Material and Sub-property

Molybdenum + Titanium - Normal Spectral Refleetance

Molybdenum + Titanium - Normal Spectral Reflectance

.

Molybdenum + Tungsten - llemispherical Total Emittance .

Molybdenum + Tungsten - Normal Spectral Emittance
Nickel + Chromium - Normal Spectral Emittance .
Nickel + Chromium - Normal Speetral Emittance .
Nickel + Iron - Normal Spectral Enittance

Nickel 1 Silver - Normul Total Emittance

Niobium + Tungsten - Hemispherical Total Emittance

Niobium i Tungsten - Normal Spectral Emittance

Nicbium 1 Zirconium - llemispherical Total Emittance
Niobiuni t Zirconium - llemispherical ‘U'otal Enmittance
Niobium  Zirconium - Normal Total Emittance

Niobhium + Zirconium - Normal Spectral Emittance

.

Platinum ' Rhedium - Hemispherical Total Emittance .

Pliatinum ¢ Rhodium - Normal Total Emittance
Plutinum t Rhodium - Normal Total Emittance
Platinum 4 Rhodium - Normal Spectral Emittance
Silver ¢ Aluminumn - Normal Spectral Reflectance
Silver + Aluminum - Angular Spectral Reflectance
Sitver + Beryllium - Angular Spectral Reflectance
Silver + Gold - Normal Spectral Reflectance

Silver 4 Silicon - Angular Speciral Reflectance
Tantalum + Tungsten - Normal Total Emittance .
Tantalum + Tungsten - Normal Spectral kmitlance
Tin + Indium - Normal Integrated Absorptance .
Titanium + Mangancse - Normal Total Emittance
‘Titapium + Mangauesce - Normg) Total Emittance
Tltanium ¢ Mangancse - Normal Spectral Emiltance.,
Titanium ' Mangancsc - Normal Spcetral Emittance.
Titanium + Mangancse - Normal Spectral Reflectance
Titanlum ' Mangancse - Normal Spectral RReflectance

Titanium + Mangancse - Normal Solar Absorptance .

Tungsten + Molybdenum - llemispherical Total Emittance

Tungsten + Molybdenum - Normal Spectral Emittance
Tungsten + Rhenium - llemispherical Total Emittance
Tungsten + Rhenium - Normal Spectral Emittance
Uranium * Niobium - Uemispherical Total Emittance
Uranium ( Niobium - Normal Spcctral Kmittance

Zinc ! Aluminum - Normal Spectral Relleclance .

Noter Figure nwnhor with “AT Indicates analyzal data graph,

“No ligure
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N

.

Page
Y62
963
9467
9649
e
973
976
979
Kl
HES
UKH
HEH]
Y2
991
947

1000
1001
1404
1007
1009
1612
1015
1018
1021
1024
1026
1024
1029
[FINY
10333
1036
1037
1041
1043
1045
104X
1051
1053
1056
10549



3. MULTIPLE ALLOYS

Yigure and/or

Table No. Material and Sub-property Page
322 Aluminum + Copper + ):xi - llemispherical Total Emittance . . . . . . . . . 1062
323A Aluminum + Copper + ):xi - Normal Total Emittance T 1 1111
323 Aluminum + Copper + ):xi - Normal Total Emittance v e e e e e e e .o 1067
324A Aluminum + Copper + ):xi - Normal Spectral Emittance . . . . . . . . . . 1072
324 Aluminum + Copper + ):xi - Normal Spcetral Emittanece . . . . . . . . . . 1073
325A Aluminum + Copper + EXi - Normal Spectral Reflectance . . . . . . . . . . 1076
325 Aluminum + Copper + in - Normal Spectral Reflcetance . . . . . . . . . . 1077
326 Aluminum + Copper + 2';)(1 - Normal Solar Reflcctance e e s+ e+ e« &« =« . 1083
327 Alumlnum + Copper + ):xi - Normal Solar Absorptance . . . . . . . . . . 1086
328A Aluminum + Iron + ):xi - Normal Spectral Refleelance . L1
324 Aluminum + Iron + Z’-Xi - Normal Spectral Reflectince B 11 |
329 Aluminum + Iron + ):xi - Normal Solar Reflectance e R 2
330% Aluminum + Magneslum + ):xi - Hemispherical Totd Emittance. . . . . . . ., 1094
331 Aluminum + Magnesium + 23)(1 - Normal Total Emittance . . . . . . . . . . llo0
332A Aluminum + Magnceium + ):xi - Normal Spectral Reflectance . . . . . . . . 114
332 Aluminum + Magnesium 4 EXi - Normal Spectrul Reflectance . . . . . . . . 1105
333* Aluminum + Magnesium + in - Normal Solar Absorptance . . . . . . . . . 1110
334* Aluminum + Manganese + EXi - llcmisphericai Total Emittance . . . . . . . . 1112
335% Aluminum + Manganese + ):xl. - Normal Total Emittance . . . . . . . . . . 1114
336* Aluminum + Zine + ):xi - Hemispherical Total Emittance . . . . . . . . . . 111é
337A Aluminum + Zinc + ):xi - Normal Total Emittance e B 0 8
338 Aluminum + Zinc + ):xi - Normal Speetral Emittance T D -3 |
339A Aluminum + Zinc + ):xl - Angular Spectral Emittance e e e e e e e e 1124
339 Aluminum + Zinc + EX1 - Angular Spcetral Emittance B B .41
349 Aluminum + Zinc + ):xi - Normal Solar Reflectance T D31
341 Aluminum + Zing¢ + EX1 - Normal Soiar Absorptance e D3 |
342 Beryllium + Iron + ):xi - Angular Spectral Reilectance B D R
343A Cobalt + Chromium + 23)(i - llemispherical Total Emittance . . . . . . . . . 1138
343 Cobalt + Chromium + EXi - llemispherical Total Emittance . . . . . . . . . 1119
344 Cobalt + Chromijum + ):xl. - Normal Total Emittance e B 1V
345 Cobalt + Chromium + in - Normal Spectral Emittance . « . . . . . . . . 1145
346 Cobalt + Chromium + EXi - Normal Spcetral Emittance . . . . . . . . . . 1144
347A Cobalt + Chromijum + 23)(1 - Normal Spectral Refleetance . . . . . . . . . . 1152
347 Cobalt + Chromium + 23)(1 - Normal Spectral Refleetance . . . . . . . . . . 1153
348A Copper + Aluminum + 23}(1 - Normal Total Emittance e e+ e e 4+ o+ . . 1158
348 Copper + Aluminum + EXi - Normal Total Emittance B B Y]
349 Copper + Aluminum + ):xi - Normal Spcetral Emittance . . . . . . . . . . 1162
350 Copper + Alumipum + ):xi - Normal Spectral Refleetance . . . . . . . . . . 1166
351 Copper + Aluminum + Exl - Normal Solar Absorptance . . . . . . . . . . 1159
352% Copper + Nickel + ):xi - Normal Spcetral Reflectance S 8 ¢
353 Copper + Tin + in - Normal Spcetral Reflectance e e v e e e .. 1174
354A Iron + Chromjum + Exi - Normal Total Emittance e S v )
354 Iron + Chromium + EXI - Normal Total Emittancc B B V4
355A Iron + Chromium + ):xl - Normal Spectral Emittance e B 1.1

Note: Iiguroc number with "A' Indlcates annlyzed duta graph,
*No flgure 113



3. MULTIPLE ALLOYS ¢ontinued)

Figure and/or
Table No.

355
356A
356
357A
357

358
359
360A
360
361A(1)
361A(2)
361A@3)
361
362%
363A
363
364A
364
365A
365
366A(1)
366A(2)
367A
367
368%
369%
370
371%
372

373
374
375%
376*
377
378
379A
379
380A
380

381
382
383A
383
384%

Material and Sub-property

Iron + Chromium + ):xi - Normal Spectral Emittance

Iron + Chromium + in - Normal Spectral Emittance .

Iron + Chromium + le - Normal Spectral Emittance

Iron + Chromium + Exi - Normal Spectral Reflectance

Iron + Chromium + le - Normal Spectral Reflectance

Iron + Chromium + le - Normal Spectral Absorptance . . ,
Iron + Chromium + le - Normal Solar Absorptance ..

Iron + Chromium + Nickel + in - Hemispherical Total Emittance .
Iron + Chromium + Nickel + ZX1 - Hemispherical Total Emittance .

Iron + Chromium + Nickel + in - Normal Total Emittance
Iron + Chromium + Nickel + ZX, - Normal Total Emittance
Iron + Chromium + Nickel + ZX, - Normal Total Emittance
Iron + Chromium + Nickel + ZX, - Normal Total Emittance .
Iron + Chromium + Nickel + X, - Angular Total Emittance .
Iron + Chromium + Nickel + ZX, - Normal Spectral Emittance
Iron + Chromium + Nickel + £X. - Normal Spectral Emittance
Iron + Chromium + Nickel + ZX, - Normal Spectral Emittance
Iron + Chromium + Nickel + ZX, - Normal Spectral Emittance
Iron + Chromium + Nickel + 2.7)(1 - Angular Spectral Emittance
Iron + Chromium + Nickel + EXi - Angular Spectral Emittance
Stainless Steel 303 - Angular Spectral Emittance

Stainless Steel 303 - Angular Spectral Emittance

Iron + Chromium + Nickel + ZX, - Normal Spectral Reflectance
Iron + Chromium + Nickel + ZX, - Normal Spectral Reflactance
Iron + Chromium + Nickel + ZX, - Angular Spectral Reflectance
Iron + Chromium + Nickel + ZX, - Angular Spectral Reflectance
Iron + Chromium + Nickel + X
Iron + Chromium + Nickel + TX
Iron + Chromium + Nickel + ZX - Normal Spectral Absorptance
Iron + Chromium + Nickel + ZX, - Angular Bpectral Absorptance
Iron + Chromium + Nickel + 2.7)(1 ~ Normal Solar Absorptance
Iron + Manganese + le - Hemispherical Total Emittance . .

S A AU A A

(LA

- Normal Solar Reflectance

L

Iron + Manganese + 2.711{1 - Normal Total Emittance e e s
Iron + Manganese + Exl - Normal Solar Absorptance .
Iron + Nickel + Exl - Normal Spectral Reflectance ..

Iron + Nickel + Chromium + £X, - Hemigpherical Total Emittance .
- Hemispherical Total Emittance .

[,

Iron + Nickel + Chromium + X
Iron + Nickel + Chromium + ZX
Iron + Nickel + Chromium + ZX, - Normal Spectral Emittance. .
Iron + Nickel + Chromium + le - Normal Spectral Reflectance
Magneeium + Aluminum + Exl - Normal Total Emittance .
Magneeium + Uranium + 2.7)(1 - Normal Spectral Reflectance .

- Normal Spectral Emittance

T e U

Magnesium + Uranium + 2.7)(1 - Normal Spectral Reflectance .
Magnesium + Aluminum + 2.7)(1 - Normal Solar Absorptance

Note: Figure number with "A'" indicates analyzed data graph.

*No figure

114

K}

- Hemispherical Integrated Absorptance

Page

1185
1190
1191
1196
1197
1203
1206
1210
1211
1217
1218
1219
1229
1231
1234
1235
1242
1243
1252
1253
1256
1257
1284
1265
1283
1286
1287
1291
1293
1298
1299
1305
1307
1300
1312
116
I
1.120
Pl
1324
1327
1330
1331
1334



3. MULTIPLE ALLOYS (continued)

Figure and/or
Tahle No.

385%
386*
387*
388A
EEL]
389A(1)
389A(2)
389
390A
3%
391A(1)
391A(2)
391
392AQ)
392A(2)
392
393
394
395%
396
397*
398
395A
399
4004
400
401*
402A
402
403
404
405
404
407A
407
4084
408
409A
409
410
411
412%
413A
413

Material and Sub-property

Magnesium + Thorium + le - Normal Total Emittance . . . .
Magnesium + Thorium + le - Normal Spectral Reflectance .

Magnesium + Thorfum + EXl - Normal Solar Absorptance . . .

Nickel + Chromium + X, - Hemispherical Total Emittance .

Nickel + Chromium + X, - Hemispherical Total Emittance

Nickel + Chromium + ZX, - Normal Total Emittance

Nickel + Chromium + LX. - Normal Total Emittance

Nickel + Chromium + ZX, - Normal Total Emittance Coe e
Nickel + Chromium + IX, ~ Normal Spectral Emittance

Nickel + Chromium + EXi - Normal Spectral Emittance

Nicksl + Chromium + EXi - Normal Spectral Emittance

Nickel + Chromium + EXl - Normal Spectral Emittance

Nickel + Chromium + IX. - Normal Spectral Emittance . . . . ., .
Nickel + Chromium + X, ~ Normal Spectral Reflectance . ., . . . .
Nickel + Chromium + IX, ~ Normal Spectral Reflectance . . . . . .
Nickel + Chromium + X, - Normal Spectral Reflectance . . . .
Nickel + Chromium + IX, - Normal Solar Reflectance e e e e
Nickel + Chromjum + X
Nickel + Chromium + ZX, - Angular Spectral Absorptance. . . . . .
Nickel + Chromium + Exl - Normal Solar Absorptance ., . . .
Nicksel + Cobalt + ZX, - Hemispherical Total Emittance . . . .
Nickel + Cobalt + X

[ =

[ A A A

Pute g

-

- Normal Spectral Absorptance .

—

- Normal Spectral Emittance

Nickel + Cobalt + ZX, - Normal Spectral Emittance

Nickel + Cobalt + ZX, - Normal Spectral Emittance .o

Nickel + Cobalt + 23)(1 - Normal Spectral Reflectance e

Nickel + Cobalt + Exl - Normal Spectral Reflectance

Nicksl + Copper + EXl - Hemispherical Total Emittance . .,

Nickel + Copper + 23)(l - Normal Total Emittance .

Nickel + Copper + EXl - Normal Total Emittance e
Nickel + Copper + 23)(1 - Normal Spectral Reflectance e e e e e
Nickel + Copper + le -~ Normal 8olar Reflectance e e e e e s
Nickel + Copper + EXl - Normal Solar Absorptance e e .

Nickel + Iron + 23)(l ~ Normal Spectral Emittance .o

Nickel + Molybdenum + X, - Hemispherical Total Emittance

Nickel + Molybdenum +IX, ~ Hemispherical Total Emittance .

Nickel + Molybdenum + IX, - Normal Total Emittance , . ,

Nickel + Molybdenum + Exl - Normal Total Emittance ,

Nickal + Molybdenum + EX1 = Normal Spectral Emittance .

Nicksl + Molybdenum + Exl - Normal Spectral Emittance .

Nickel + Molybdonum EXl - Normal Spectral Reflectance ., . . .
Nickol + Molybdenum + EXl - Normal Solar Abserptance .

Niobium + Molybdenum + Z?Xl - Normal T'otal Emittance . , , ., . .
Niobjum + Tantnlum + EXl - Homispherical Total Emittance

Niobium + Tantalum + IX, - Tlemispherical Total Emittance

- e

—

—

[

Note: Flgurs number with "A" indicatos analyzed data graph.

*No figure
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3.

MULTIPLE ALLOYS (continued)

Figure and/or
Table No.
414
415
416
417
418
419*
420
421A
421
422A
422
423A
423
424
425%
426
427
428
429
430*
431
432
433
434

Material and Sub-property

Niobjum + Tantalum + Exl - Normal Spectral Emittance
Niobium + Tungsten + 23Xl - Hemispherical Total Emittance .
Silver + Cadmium + ZX; - Angular Spectral Reflectance
Silver + Copper + EX[ - Angular Spectral Reflectance

Silver + Zinc + z:xi - Angular Spectral Reflectance .
Tantalum + Tungsten + EXl - Hemispherical Total Emittance
Titanlum + Aluminum + IZX, - Hemispherical Total Emittance
Titanium + Aluminum + LX, - Normal Total Emittance . .
Titanium + Aluminum + Exi - Normal Total Emittance
Titanium + Aluminum + D(l - Normal Spectral Emittance
Titanlum + Aluminum + 23)(i - Normal Spoctral Emittance .
Titanjum + Aluminum + EXi - Normal Spectral Reflectance
Titanium + Aluminum + 23)(i - Normal Spectral Reflectance
Titanium + Aluminum + EXl - Normal Solar Absorptance . .
Titanium + Manganese + 23Xi - Hemispherical Total Emittance
Titanium + Manganese + EXi - Normal Total Emittance
Titanlum + Vanadium + Exi - Normal Spectral Reflectance
Uranium + Zirconium + ?JXl - Hemispherical Total Emittance
Uranium + Zirconfum + 23X1 - Normal Spectral Emittance
Zirconium + Hafnium + ?JXl - Normal Spectral Emittance .
Zirconfum + Tin + ?JXl - Normal Total Emittance ..
Zirconjum + Tin + 23)(l - Normal Spectral Emittance
Zirconium + Uranium + 23)(i - Hemispherical Total Emittance
Zirconfum + Uranium + ?3)(l - Normal Spectral Emittance .

i

-
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